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Executive Summary

Scour of rock that underlies bridge foundations has the potential to reduce their service life or threaten
their viability. Scour behavior varies widely from site to site within West Virginia, and in response to
uncertainty about how resistant to scour the rock at a site will be, the present design approach is
generally one of conservatism and overdesign. At sites where rock does not scour, this conservative
design process is inefficient, and may lead to foundations that are deeper — and more costly — than are
necessary. Likewise, uncertainty about rock resistance to scour means the remaining service life of
existing bridges cannot be reliably predicted.

In November 2011 the West Virginia Department of Transportation’s Office of Research and Special
Studies issued a request for proposals (RFP) entitled “Criteria for Predicting Scour of Erodible Rock in
West Virginia”, outlining a research project to characterize scour behavior at 15 bridge sites across
WVDOT's 10 districts and evaluate the applicability of a newly-proposed scour prediction technique. The
RFP specified that the research approach would include implementation of the methodologies
developed in the National Cooperative Highway Research Program (NCHRP) Project 24-29, “Scour at
Bridge Foundations on Rock”. NCHRP Project 24-29 was conducted at five sites across the US, and in July
of 2012 was summarized in NCHRP Report 717, which presents a methodology for predicting scour at
bridge piers that incorporates several key elements, including: 1) characterization of actual scour depth
at field sites; 2) quantification of stream energy exerted over time at the field site (i.e., Cumulative
Effective Stream Power); 3) development of a Scour Number that equates a rock’s actual scour depth
and Cumulative Effective Stream Power; and 4) and determination of a Geotechnical Scour Number
(GSN) that quantifies a rock’s abrasion as a function of applied energy in a lab environment (i.e.,
modified slake durability testing). By characterizing a bridge site by GSN and stream energy (i.e.,
Average Annual Cumulative Stream Power), it would be theoretically possible to predict future Average
Annual Scour Depth, such that the service life of a bridge can be estimated. This method is specifically
designed to assess scour of degradable (i.e., non-durable) rock.

In cases where a rock’s behavior in the field (i.e., Scour Number) is similar to its behavior in the lab (i.e.,
GSN), the predictive power implicit in the NCHRP Project 24-29 methodology arises from the idea that
once a degradable rock’s resistance to scour is defined, it then becomes possible to compute an average
annual scour depth utilizing probabilistic representations of how much energy is likely to be delivered by
a stream at a bridge site over time. In a best-case scenario, the observationally-based Scour Number at a
site would agree with the laboratory-based GSN. Such a case would support extrapolation of GSN data
to predict future scour at a site before any scour was actually observed in the field. This approach
cannot, as demonstrated by this research project, be reliably applied to durable rock where the scour
mode is hydraulic plucking of fragmented rock. However, application of GSN-based prediction of scour
at sites with degradable rock could liberate designers from their previous conservatism, and enable
more efficient, economical, and defensible design. Thus, a key motivation for this research project was
to determine the reliability and justifiability of scour prediction using GSN at the types of sites that are
characteristic of the rock and hydraulic conditions in West Virginia.

In RP-273, hydraulic and hydrologic conditions at each of the 15 sites were assessed to develop each
site’s Cumulative Effective Stream Power for the period since a bridge was constructed. Field
inspections were conducted to characterize the mode and extent of scour, Scour Number was defined at
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each site, and core sampling and laboratory testing was performed to enable computation of GSN. As
noted in the RFP, the majority of bridges in WV are single-span, meaning that an additional element of
this project was adaptation of the pier-focused NCHRP Project 24-29 methodology to locations where
scour was observed on abutments.

The results of this research indicate that scour at all but one of the investigated bridge sites is occurring
partially or completely in the form of quarrying and plucking of durable, jointed rock. Therefore, the
GSN, which is specifically designed to predict scour for abrasion and grain-scale plucking of degradable
rock, is not an appropriate or useful predictor at these bridges. This assessment was made by evaluating
mode of scour and also by comparing site Scour Numbers to GSNs for each site; for GSN to be a reliable
indicator of Scour Number, the two should have generally been found to be in agreement. For the sites
evaluated in this research, the ratio of Scour Number / GSN varied from 3.9 to more than 17,000,
meaning that if implemented for prediction, GSN would consistently under-predict the actual scour at
sites where the scour was likewise of a quarrying and plucking mode.

Chief among the likely reasons for the observed discrepancies between the Scour Number and GSN is
scour mode. GSN is meant to assess a rock’s response to the abrasion mode of scour. Determination of
scour mode at a site is non-trivial, and in many cases there are indicators of both abrasion and
quarrying. Pure abrasion was interpreted to be the mode of scour at only one project site (Coon Creek),
and interpreted to be the predominant scour mode at only one other site (Caldwell Run). At other
locations, scour appeared to be either dominated or influenced at least in part by the quarrying mode of
scour, wherein fractured rock blocks are carried away (or plucked) from a foundation during high-
velocity flood events. Rather than the slow, long-term, grain-by-grain removal of rock during abrasion,
quarrying results in discrete losses of material, with the magnitude of scour determined by the
geometry of blocks defined by jointing and bedding. This effect is evident in the elevated Scour Numbers
that were observed. Since the modified slake durability test used to determine GSN does not account for
the quarrying mode of scour, the response of fractured rock to hydraulic scour cannot be predicted with
GSN. Lack of agreement between Scour Number and GSN serves as indirect confirmation that most all of
the scour observed at the studied bridges is not attributable to abrasion.

Another challenge in applying the NCHRP Project 24-29 methodology to the investigated bridge sites
was the relative lack of stream gage data. Though a common situation in small watersheds found in
rural areas, to conclusively calculate the Cumulative Stream Power that has occurred at a site, flow
conditions at the site should be known for the entire period since construction. However, stream gage
data was available at only three of 15 sites (Audra, Beverly, and Clear Fork), meaning that a watershed
model based probabilistic flow synthesis approach had to be developed and applied at the remaining
sites. Uncertainty inherent in hydrologic modeling, and in the application of probabilistic methods,
resulted in Cumulative Stream Power estimates that may differ significantly from conditions that were
actually present in the field or might be experienced in the future, thus compromising the reliability of
scour predictions.

Variation in flow conditions, and thus stream power, at abutments compared to conditions at piers is
another complicating factor. Whereas the energy encountered at piers may be directly related to
upstream flow conditions, variations in flow conditions along the length of an abutment likely arise due
to abutment orientation relative to flow direction, flow eddies, turbulence-inducing vortices, and other



variables. Such phenomena can be accounted for in sophisticated hydraulic models, but simplicity of
implementation was a stated preference of WVDOH, and increased hydraulic model complexity
decreases the accessibility of the overall scour prediction approach.

Rather than classifying rock scour characteristics on a continuous scale (e.g., the GSN based approach) in
an attempt to predict a specific future scour depth, identification and management of scour prone
bridge sites in West Virginia may be better accomplished through a tiered approach that classifies
bridges by their suspected scour mode and by the relative stream power encountered at a site. A mode
of scour determination flow chart enables categorization of a site into Tier | (no scour observed), Tier Il
(abrasion), or Tier lll (significant quarrying probable). Likewise, a site’s annual cumulative stream power
can be classified into three groupings defined by energy level thresholds corresponding to low (Group
A), medium (Group B), and high (Group C) stream power. This approach, which is outlined in the Best
Management Practices (BMP) document that accompanies this project report, will enable WVDOH to
identify bridge sites that are at an elevated risk of experiencing rock scour, and build a database that
over time will allow for further refinement of the definitions and thresholds used to classify sites into
their respective scour mode Tier and energy level Group.

In conclusion, the findings and outcomes of this research project include: 1) characterization of the rock
types and scour modes found at the 15 project sites (which were selected in collaboration with WVDOH
to be a representative sample of the inventory of bridges prone to scour); 2) the finding that scour likely
occurs partially or completely by quarrying at the vast majority of these bridges, meaning that GSN is
not an appropriate or reliable indicator of future scour for the rock types and potential scour locations
(i.e., predominantly abutments) that are most common in West Virginia; 3) development of a
Cumulative Stream Power calculation methodology that can be utilized to assess the energy state at a
site in the absence of gage data, and can also be used in classifying sites according to annual stream
power Groups; 4) development of a Scour Number approach that could be used to extrapolate observed
scour at individual sites into a quantification of average annual scour, and potentially service life
remaining; and 5) development of a scour mode diagnosis procedure that can be incorporated into
bridge site scour mode Tiers.



Abstract

The research project “Criteria for Predicting Scour of Erodible Rock in West Virginia (RP-273)” was
conducted to characterize the hydraulic scour of rock at 15 selected bridge sites in West Virginia (at
least one site in each of WVDOH’s ten districts). The study assessed the applicability of a recently-
developed rock scour prediction technique to the types of rock and scour conditions found in West
Virginia, and identify techniques that can be used to better characterize scour potential at existing and
proposed bridge locations. Foundation inspection, rock coring and sample collection, and measurement
of scour depth at all sites led to a determination of each site’s mode of scour and enabled modified slake
durability testing to develop a median Geotechnical Scour Number (GSN) for rock encountered at each
bridge site. Flow conditions over time were assessed for each site using stream gage data where such
data was available (three sites), and watershed models, coupled with probabilistic characterizations of
precipitation, where stream gage data was not available (12 sites). Scour depth observed at each site,
coupled with estimates of Cumulative Excess Stream Power, enabled the calculation of a Scour Number
at each site.

The scour prediction method applied for this project is designed specifically for sites characterized by
abrasion of degradable rock. Ideally, this mode of scour can be confirmed before the method is applied,
but in cases where the mode of scour is not clear from field data, or where more than one mode of
scour is operating at the same site, this may not be possible or practical. For sites affected only by
abrasion, Scour Number and GSN should be consistent, allowing GSN to be used as a predictive measure
of scour potential. In this project, however, Scour Number and GSN deviated considerably. The Scour
Number/GSN (which, if GSN is to be predictive should have been near 1.0) varied from 3.9 — 17,000. The
qguarrying mode of scour, where durable, fractured rock is plucked away in discrete scour events from its
original location, was evident to varying degrees at 14 of the 15 project sites, and explains why the GSN-
centered approach of predicting rock scour, which is contingent on the progressive wear (i.e., abrasion)
of non-durable degradable rock, did not apply to the data collected. In those cases where the mode of
scour was unclear from field evidence, the lack of agreement between Scour Number and GSN served as
indirect confirmation that scour was significantly or wholly attributable to quarrying and not abrasion.
Though methodologies have been proposed to attempt scour depth prediction for quarrying , such
methods require a comprehensive characterization of the distribution of block shape and dimensions,
joint angle, block density, block protrusion, and flow field conditions, and applying such an approach
was beyond the scope of this project. Other likely contributors to differences between Scour Number
and GSN include uncertainties inherent in probabilistic characterizations of flow, and variations in the
flow field along abutments (in contrast to the relative simplicity of the flow field at a pier).

Despite the conclusion that GSN may not be a universally-appropriate tool for predicting rock scour
across the range of rock types and flow conditions found in West Virginia, the project’s methods and
findings have been incorporated into a classification system that will enable WVDOH to differentiate
between sites by Scour Mode and Energy Level, yielding a matrix that allows for subsequent monitoring
and, over time, relative predictions of potential scour performance by comparisons to sites of similar
scour characteristics and hydraulic conditions.



Background
Project Tasks

The federal Highway Administration (FHWA) has encouraged state transportation agencies to improve
existing bridge scour prediction methods (FWHA, 2001). Accordingly, in 2011 the West Virginia
Department of Highways issued a Request for Proposal RP-273: Criteria for Predicting Scour of Erodible
Rock in West Virginia. The research team consisting of members from Marshall University, Rahall
Transportation Institute, and Gannett Fleming, Inc. partnered together in response to the Request for
Proposal, and ultimately received approval to conduct the research summarized in this report.

Bridge foundations in West Virginia are founded in sedimentary rock, and stream scour of erodible
foundation rocks creates the potential for undermining of the bridges. However, resistance of
sedimentary rocks in West Virginia to scour, and the power of streams to cause scour, varies widely in
the state. A study was proposed to apply a NCHRP Research Project developed methodology to
conditions found in West Virginia in order to develop methods to predict the extent of bridge
foundation scour based on characterization of rock parameters and hydraulic conditions.

The following were identified for the project:

Task 1: Literature Review, including a review of NCHRP Project 24-29, other state DOT projects,
WVDOH-provided scour location data, and related technical reports.

Task 2: Study Site Selection; the identification of sites best meeting a set of selection criteria that
included the presence of scour, the availability of stream gage data, presence of a single rock type, the
availability of bridge surface elevation data, the availability of channel cross-section profiles over time,
the availability of channel cross-sectional surveys, the absence of stream sediment covering bedrock
surfaces, and accessibility by a drill rig to take core samples.

Task 3: Field and Lab Testing, including inspection of surface bedrock, core logging and rock sampling
for laboratory testing at 15 bridge locations, preservation of core samples, modified slake durability
testing, and unconfined compressive strength testing.

Task 4: Data Analysis, including derivation of depth of scour and equivalent stream power for samples
tested by modified slake durability testing, derivation of Geotechnical Scour Number, and utilization of
site-specific evidence to identify quarrying/plucking mode of scour. Hydraulic and hydrologic
characterization of conditions at each site, including an assessment of gage station data, the
development of hydrologic models, development of channel geometry for utilization in hydraulic
models, preparation of hydraulic models of channels, and finally the computation of Stream Power and
Cumulative Effective Stream Power.

Task 5: Reporting, including periodic informal contact with the Technical Advisory Committee (TAC),
quarterly progress reports, a formalized annual progress meeting, a final report, and a separate Best
Practices document to detail how to best utilize the results of the research, targeting design engineers,



bridge evaluators, and engineering consultants. Reporting also includes a scheduled presentation to
selected DOH personnel in Charleston WV upon completion to summarize findings and answer
questions.

Supplemental: Core Drilling; during the project ‘kick-off’ meeting held in March 2011, the idea of
utilizing Gannett Fleming, Inc. affiliate company Hetager Drilling for core drilling was discussed in the
context of finding a way to mobilize drilling for the following summer. Ultimately a supplemental
agreement was executed between WVDOH and RTI / Marshall University to enable Hetager to conduct
core drilling for the 15 project sites.

Related Projects and Literature Review

The major information sources for this project were the National Cooperative Highway Research
Program Project 24-29 document and subsequent report, NCHRP 717 (2012): “Scour at Bridge
Foundations on Rock.” Per WVDOH RP 273: “Criteria for Predicting Erodible Rock in West Virginia,”
NCHRP 24-29 and NCHRP 717 (2012) dictated the research approach for the current project.
Documents directly related to that project that were reviewed included several conference abstracts
and presentations published prior to issuance of NCHRP (2012); these sources presented preliminary
results from that project: e.g., Mishra et al. (2010) and Keaton et al. (2010a, 2010b).

As the definitive statement on rock scour to date, NCHHRP 717 (2012) included a thorough review of
related literature; Appendix A of that report consists of 144 citations. Given the scope and currency of
that report, the literature review conducted for the West Virginia study did not attempt to duplicate the
review from NCHRP 717 (2012) but instead used that document as a basis for focusing on research with
potential for direct application to the West Virginia project. For example, publications cited in NCHRP
717 (2012) related to the historical emergence of rock scour as an engineering issue and previous test
methods that were evaluated during development of the NCHRP (2012) methodology generally were
not included in the current literature review. An exception is Dickenson and Baillie (1999) which
describes development of the continuous abrasion (i.e., slake durability) test for evaluation of
sedimentary rock samples from bridge sites in the Oregon Coast Range. This laboratory test is a
centerpiece of the NCHRP 717 (2012) methodology for determining the geotechnical scour number
(GSN), which forms the basis for predicting abrasion scour at bridges founded on the same rock. The
GSN* parameter, developed during the current project as a modification to the GSN, is related to the
“abrasion number” of Dickenson and Baillie (1999). In addition, a number of the geologic, geotechnical,
and hydraulic factors identified by Dickenson and Baillie (1999) as contributing to rock scour have been
incorporated into the best practices document accompanying the current report.

The Federal Highways Administration’s (FHWA) “Stream Stability at Highways Structures, Fourth Edition”
(HEC-20) introduces methods of identifying and classifying the stream instability issues that often
contribute to scour. Through stream classification and stability evaluation, the geomorphic assessment
outlined in HEC-20 enables evaluators to assess whether streams are susceptible to scour, and if so,
whether a detailed hydrologic and hydraulic assessment of scour should be pursued. Hydraulic



Engineering Circular No. 18 (HEC-18), “Evaluating Scour at Bridges, Fourth Edition” provides information
related to scour resistant design, identifying vulnerability to scour, and means of estimating scour at
bridges. HEC-18 presents a formula for determining stream power as a function of energy grade line
slope, unit discharge, and water unit weight. Combined with the Erodibility Index Method that is also
presented, HEC-18 suggests a procedure of relating resistance to scour with the energy exerted by a
stream at a bridge site to quantify “the relative ability of non-uniform earth material to resist erosion.”
This approach is analogous to that inherent to the Scour Number approach presented in NCHRP Report
717, namely relating an observed scour depth to stream power. Among the ways in which NCHRP
Report 717 builds on the HEC-18 approach is to differentiate between stream power for a given
discharge, and the effective (i.e., greater than some threshold below which scour may not be expected)
stream power that accumulates at a site over time.

In cases where hydrologic and hydraulic analysis indicates that scour issues at bridges can be addressed
through countermeasures, rather than bridge replacement, HEC-23, “Bridge Scour and Stream Instability
Countermeasures” enables designers to evaluate a variety of countermeasures and develop bridge
monitoring plans that can help mitigate the risk associated with scour.

The hydrologic and hydraulic methods described in NCHRP Report 717 make use of stream gage data
that is reported on the basis of average daily flow. For large watersheds, and the correspondingly large
streams and rivers they feed, the average daily flow is closer, on a relative basis, to the peak flow for a
day than for small watersheds and streams. In other words, for a large watershed, the ratio of daily
peak flow / average daily flow will be closer to 1 than for small watersheds. As shown in Table 2, the
watersheds studied in this project are drastically smaller than the watersheds present in NCHRP Report
717. In view of this, and coupled with the fact that stream gage data was generally not available for the
watersheds under study, alternative hydrologic and hydraulic methodologies had to be developed and
implemented in this research project. The USDA’s Natural Resources Conservation Service National
Engineering Handbook — Part 630 Hydrology (2007) was a primary basis for development of the
hydrographs that were ultimately used to compute cumulative effective stream power. Estimation of
time of concentration was guided by information presented in the USDA’s Soil Conservation Service
Revised Technical Note Revised Hydrology No. N4 (2003).

Selection of Manning’s n values for utilization in hydraulic calculations performed in HEC-RAS was
guided by values presented in the US Army Corps of Engineers’ HEC-RAS River Analysis System Hydraulic
Reference Manual (2008). Identification of values to use for Curve Number assignment associated with
land use and soil type combinations was guided by recommended values presented in the
documentation that accompanies the USDA’s Technical Release 55 (1986), along with curve number
calibration equations presented by Ponce and Hawkins (1996). Dr. Steven McCutcheon’s 2003 report to
the West Virginia Division of Forestry entitled, “Hydrologic Evaluation of the Curve Number Method for
Forest Management in West Virginia” was used for comparison purposes against watersheds modeled in
this project, particularly with respect to lag time estimation.



In view of significant mining activities within West Virginia, and the potential for mine drainage to acidify
streams, the effect of stream pH levels and water quality on rock scour may be of some concern.
Baedecker and Reddy (1993) identify limestone and marble as two rock types that are particularly
sensitive to acidic deposition, given that both are largely composed of calcite (CaCOs). Citing the
combined effects of chemical erosion and the mechanical loss of grains from stone surfaces, Baedecker
and Reddy identify a pH of 4.2 as contributing to 10% of limestone weathering for the flow rate
conditions present over a range of field experiment sites. In a separate study of limestone and marble
sensitivity to acidic deposition due to acidic rain, Baedecker et al. (1992) measure an average in situ
physical recession of 25 to 45 um/yr for limestone in an acidic environment. None of the literature
consulted with respect to chemical participation in rock scour indicated an enhanced erosion or scour
effect in the basic pH range that was observed at sites in this project.

Other literature particularly relevant to the current project includes Hopkins and Beckham (1999), who
developed a risk-based scoring system for rock scour potential based partly on rock quality designation
(RQD) for bridges in Kentucky. Based on this system Froehlich et al. (1999) determined that the scour
hazard was high for 8.5% of bridges founded on rock, moderate for 12.1%, and low for 79.4%.

Additional literature reviewed for the current project but not cited in NCHRP 717 (2012) includes
Holnbeck and Parrett (1987), which provides a useful, if dated, summary of bridge scour as an
engineering issue and describes the magnitude of the problem. For example, Holnbeck and Parrett
(1987) estimated that 485,000, or about 84%, of bridges in the U.S. are over waterways, and that annual
scour-related damage to bridges costs $30 million. Holnbeck and Parrett (1987) proposed a method for
rapid estimation of scour; the paper, however, is focused entirely on scour of unconsolidated materials
and does not even mention rock scour. Zhang et al. (2013), stating that scour of bridge foundations is
the most common cause of bridge failure, attempted to improve on estimates of scour rate and amount.
Their research involved study of seven bridges founded on sands, silts and clay; the results are not
applicable to rock scour.

The scour identification and management principles employed by the State of Maryland’s State Highway
Administration (SHA) are described in the Office of Structures Manual on Hydrologic and Hydraulic
Design (2011), Chapter 11 — Evaluating Scour at Bridges. This document, along with related documents
published by other state agencies, were reviewed for purposes of defining the scour tier and stream
energy classification approach that was adopted in lieu of scour prediction with GSN. The
Commonwealth of Pennsylvania’s Bridge Management System 2 (BMS2) Coding Manual — Publication
100A (2009) contains information related to scour threshold tier levels for categories such as potential
for trapping debris, stream bed materials, channel alignment, as well as detailed procedures for
characterizing observed scour depth. Scour Critical Category classification information, and a
description of Pennsylvania’s unique scour incident bridge inspection program, wherein local municipal
employees and first responders are used to monitor scour critical bridges during storm events, is found
in the undated, publically-accessible presentation entitled “Monitoring Scour Critical Bridges During
Floods for Local Bridge Owners”.



Several documents outline the procedures implemented by the State of Ohio Department of
Transportation to mitigate the threat of scour to highway bridges. Ohio’s Scour Plan of Action is
outlined in a 2008 memo by Bridge Inspection Engineer Mike Brokaw, making reference to a program of
(1) office assessment of bridge scour vulnerability, (2) field review of scour vulnerability and
prioritization, and (3) detailed scour analysis and additional monitoring of bridges that are deemed very
susceptible to scour. The Ohio DOT’s Manual of Bridge Inspection (2010), Item 40 — Scour, includes
definitions of how to measure scour depth, length of undermining, and a multi-tiered condition rating
matrix that ranges from “Good” (i.e., Condition 1) to “Failed” (i.e., Condition 4). Ohio’s Scour Critical
Susceptibility coding is defined in the Office of Structural Engineering’s Bridge Inventory Coding Guide
(2012).

State Survey

A survey of states adjacent to West Virginia (i.e., Ohio, Kentucky, Virginia, North Carolina, Maryland, and
Pennsylvania) was conducted in order to assess the methods utilized to identify and manage scour at
state agency owned highway bridges. For each state, the primary engineer in charge of bridge
inspection was identified, contacted by telephone, and interviewed to determine:

(] To what extent rock scour at bridge piers and abutments is perceived to be a significant
problem in their state.

(] Whether their organization addresses rock scour separately from sediment scour.
(] Whether formal guidelines are in place to identify / diagnose rock scour.

] Whether their state distinguishes between different modes of scour (e.g., abrasion vs.
quarrying)

(] Whether the methods described in NCHRP Report 717 are utilized to identify, manage, or
address rock scour.

Among the findings of this survey is that only one state (Kentucky) has specifically distinguished
between rock scour and scour of other materials at bridge sites. Other states maintain databases of
which bridge sites have experienced problematic scour, and also have separate information about the
foundation materials present at bridges, but these two traits have not been combined to perform
analyses of what percentage of rock-founded bridges experience rock scour.

A range of scour identification and analysis techniques are employed among the states. In Maryland, for
example, scour classification includes an analytical component, drawing on the Erodibility Index Method
outlined in HEC-18. Though the Erodibility Index Method was not developed exclusively with rock scour
in mind, and does not distinguish between different scour modes that may arise in view of different rock
types, it is used in Maryland to identify sites that are potentially score prone, and compute predictions
of scour depth. In Ohio, Pennsylvania, and North Carolina, identification of scour prone bridges depends
primarily on periodic bridge inspections, rather than analytical techniques, and minimal or no efforts are
made to predict future scour that may be encountered at existing bridges that have exhibited a



potential for scour. Periodic inspections in Kentucky include detailed surveys of stream cross section, in
order to monitor erosion over time, and enable tracking of the severity of scour as it occurs.

Rock Quality Designation (RQD) was cited as a primary means of identifying scour resistant material by
Virginia and Kentucky, but in other states limited emphasis was cited for efforts to relate rock properties

at bridge sites with propensity to scour.

A summary of survey responses is provided in Table 1.



Table 1 — Summary of State Survey Responses

Point-of-Contact

Ohio.

Mike Brokaw, Bridge Inspection
Engineer, Ohio DOT, 614-387-
6210,
michael.brokaw@dot.state.oh.us

Pennsylvania.
James Long, Chief Bridge Insp.
& Mgmt Section, PADOT, 717-
783-7616, jamelong@pa.gov

Kentucky.

David Steele, Bridge
Maintenance/Preservation
Branch Manager, Kentucky

Transportation Cabinet,
502-564-4556,
david.steele@ky.gov

1 - Is rock scour at bridge piers and
abutments a significant problem in
your state?

Don't know the % of bridges
where it is a problem and where
the foundation is rock.

Less than 1% of state-owned
bridges (61 of appx. 15,500)
are Scour Critical Class A.
Including Class B (1573) and
Class C (193), the total number
of Scour Critical Bridges is 11%.

No. 400 rock-founded
bridges were inspected,
and 2% were found to
have scour. Only 3 of 400
had scour depth > 10 in.

2 - Does your organization address
rock scour separate from sediment
scour?

Yes. Different criteria are
developed for assigning Scour
Condition

Yes. The "Procedures for
Bridge Scour Assessment"
document distinguishes
between different foundation
material types.

Yes. An RQD-based
approach is used.
Furthermore, a point-
based Rock Scour Hazard
Rating System was
developed, including scour
proximity, depth,
penetration, and average
annual daily traffic.
However, this system is
not actually utilized.

3-If yesto#s1and 2, are there
formal guidelines for
identifying/diagnosing rock scour?

Yes, see the "Scour Critical
Susceptibility" checklist.

Yes - Three Scour Category
Tiers (A,B,C) exist. Additional
guidelines are found in
"Procedures for Bridge Scour
Assessment" pg 61

Yes. Cross section profiles
are taken during periodic
bridge inspections, and
monitored for change.

4 - If yes to #2, does your state

"Scour mode" is not
distinguished, but rock

include distinguishing different No. No. type (erodible vs non-
modes of rock scour? erodible) is assessed
during bridge inspection.
5 - Is your state utilizing NCHRP 717,
“Scour at Bridge Foundations on
No. No. No

Rock” in managing or addressing
rock scour?

Notes:

See Ohio Bridge Inventory
Manual. Also, Item 74, Scour
Critical Susceptibility

Locally-owned Scour
Critical Bridges monitored
during storm - see
presentation. Also,
Pub100A (Bridge Inspection
Coding Manual)

See report KTC-99-57,
Correlation of Rock
Quality Designation and
Rock Scour Around
Bridge Piers and
Abutments Founded on
Rock




Table 1 cont. — Summary of State Survey Responses

Point-of-Contact

Virginia.
John Matthews, PE Assistant
State Hydraulic Engineer, VDOT,
804-786-4031,

john.matthews@vdot.virginia.gov

Maryland.

Glenn Vaughan, Deputy Director
Office of Structures, 888-375-
1084,
gvaughan@sha.state.md.us

North Carolina.
Henry Black, Asst. State
Structures Engineer -
Inspection, 919-707-
6479, hblack@ncdot.gov

1 - Is rock scour at bridge piers
and abutments a significant
problem in your state?

No

Precise statistics not available

Will attempt to acess
database for this
information, and will
make future contact if
available.

2 - Does your organization
address rock scour separate
from sediment scour?

Yes. For existing bridges the
determination is made by the
bridge maintenance staff what
the appropriate repair may be

needed based upon the
conditions encountered. In
design, VDOT follows the prior
FHWA Guidance that Rock Cores
with a RQD >50% may be
considered to be scour resistant
material. No special
consideration has been given to
the scour resistance of lesser
quality material.

Yes. The "Erodibility Index"
method is used in computations
to predict scour depth, and this
method distinguishes between

rock and other materials.

No.

3 -Ifyesto #s1and 2, are there
formal guidelines for
identifying/diagnosing rock
scour?

Not to date. VDOT is hosting the
NHI 135046 HEC-18 Scour Class
for Bridge, Geotechnical and
Hydraulics Staff and may
incorporate a more formal
process in the future.

Yes. Three scour classification
states are utilized: 1 scour
exists, but little concern, 2 scour
exists and left unchecked could
adversely impact, 3 scour is
significant and analysis of the
bridge is needed.

No. The state follows an

inspection-based, rather

than numerical analysis
based, approach to
identifying scour.

4 - If yes to #2, does your state

The Erodibility Index Method
ends up incorporating different

No. However, the state is
sensitive to different
scour modes (e.g.,

include distinguishing different N/A scour modes, but is not explicit mountain stream vs

modes of rock scour? in identifying them. hurricane-affected
shoreline areas)

5 - Is your state utilizing NCHRP

717, “Scour at Bridge

Foundations on Rock” in No No. No.

managing or addressing rock
scour?

Notes:

Scour analysis is performed
for all bridges where rock is
involved. See HEC-18, 4.37

A "scour committee"
was convened a few
years ago to identify
and address bridges
where scour was
identified as
problematic or where
the foundation type
was unknown. As a
result, all unknown
data was gathered.




Research Approach

The methods applied in this research project were, as directed in WVDOH’s original Request for
Proposal and as outlined in the proposal for this project, largely based on the techniques developed in
NCHRP Project 24-29. Included among these are core drilling and application of the modified slake
durability test to define a sample’s GSN, the use of a one-dimensional hydraulic model (e.g., HEC-RAS) to
define flow velocity and depth at a location as a function of flow rate, characterization of flow
conditions at a site over a period of years, calculation of Cumulative Effective Stream Power exerted by
the flow onto rock surfaces, and incorporating observed scour depths into determinations of Scour
Number.

A number of differences in watershed characteristics, scour locations, and data availability between the
five project sites included in the NCHRP project and the 15 sites from this WVDOH project meant that
some of the methods taken from NCHRP Project 24-29 procedures must be adapted for use in WVDOH
RP-273. Among these differences are:

e Watershed size. The average watershed size for NCHRP sites is 1801 mi*, compared to 40 mi? for
the WVDOH project sites. This smaller watershed size is related to several of the other
differences, such as the fact that the majority of bridges in WVDOH’s inventory are single-span
(i.e., cross relatively small streams with relatively steep banks). Small watershed size is also
related to the fact that the scour location of interest was abutments, rather than piers, at most
of the project sites. Likewise, since small watersheds are less likely to have their streams gaged
than large watersheds, the relatively small size of the watersheds studied in this project
correlated with the scarcity of stream gage data for sites under study.

Smaller watersheds also yield peak flows that exceed average daily flows by a greater margin.
For a large watershed, where storm events may take several days to fully drain, the peak flow is
closer to the average daily flow than for a small watershed, which may have a relatively brief
time to peak. This affect, as described later, made it important to consider flow rates on a basis
other than a simple average of daily flow.

e Stream gage data availability. At the NCHRP project, a complete stream gage data set was
available at four of five sites, and a partial stream gage data set was available at the fifth. By
comparison, only three of 15 sites in RP-273 have stream gage data available, with partial
coverage for a portion of the watershed at a forth.

Lacking historical data about the actual daily flow conditions at most of the project sites,
watershed models were utilized to synthesize flow rates for sites where gage measurements
were not available. A watershed model was utilized in the process of synthesizing flow data
where it was missing at the NCHRP Mill Creek, Oregon project site, and a similar approach was
used in this project, as described below.
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Cross section data availability. The scour depth at project sites in the NCHRP project were
defined by historical survey data of the stream channel at the upstream face of bridges, such
that the abrasion of rock over time could be characterized by comparison of past channel
depths to present channel depths. Having this historical cross section data also enabled NCHRP
project researchers to select a period of study other than that period since the bridge was
constructed (i.e., scour could be examined in the time interval between cross sections, and not
only since the time of construction).

Since cross sectional data was not available at WVDOH project sites, scour depth was defined by
inspection; the original location of the rock foundation was inferred from the presence of
surrounding rock, bridge geometry, and other information. Since only a single estimation of
scour depth was available, corresponding to scour occurring during the period of bridge
construction until the date of inspection, this meant less flexibility in the period of study for
determining Scour Numbers and greater uncertainty and potential error.

Scour location. The methodologies developed during NCHRP Project 24-29 focus on scour at

bridge piers, and a key element of this project was to investigate scour at abutments, including a
directive to attempt normalization of pier scour behavior to abutment scour locations.

11



Table 2 — Comparison of NCHRP and WVDOH rock scour project sites.

Stream Historical Cross Potential Scour
. ) Watershed . .
Project Site Area (miz) Gage Data Sections Location
Available Available Studied
Schoharie Creek, NY 886 Yes Yes Pier
Chipola River, FL 464 Yes No scour Pier
NCHRP | Mill Creek, OR 32.7 Partial Yes Pier
Sacramento River, CA 6468 Yes Yes Pier
Montezuma Creek, UT 1154 Yes Yes Pier
Average 1801
Leatherwood Rd, Left
Fork of Leatherwood 3.34 No No Abutment
Creek
Fifth Street, Fourpole 13.24 Partial No Abutment &
Creek Pier
Little Sandy Creek 8.40 No No Abutment
Grassy Run, Prickett 552 No No Abutment
Creek
Caldwell Run 1.46 No No Abutment
Paden Fork 1.01 No No Abutment
Audra 'Park, Middle 149.31 Ves No Abutment &
Fork River Pier
WVDOH | Laurel Fork 11.74 No No Abutment
Abut t&
Roaring Creek 14.01 No No ! rT‘e”
Pier
Bfaverly, Tygart Valley 219.02 Yes No AbutrT1ent &
River Pier
Coon Creek 3.4 No No Abutment
Bridge Fork 4.25 No No Abutment
Cucumber, Jacob's 30.63 No No Abutment
Fork
Clear Fork, Cedar 123.42 Ves No Abutment &
Creek Pier
Mish Road, Mill Creek 14.21 No No Abutment
Average 40
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Field Drilling of Rock Samples

Drilling for this project was conducted in June and July 2011 by L.G. Hetager, an affiliate company of
Gannett Fleming. Inc. Rock coring into the 10 feet of bedrock immediately below the bridge abutments
was performed at two locations per site, one location adjacent to each abutment. Upon extraction from
the borehole, the rock core was immediately logged, photographed, and evaluated for rock quality
designation (RQD) according to ASTM 6032.

Each 5-foot length of rock core was then double-wrapped, first in a 5-mil wax film (Parafilm or equal)
followed by a heavy gauge sheath of flexible plastic. The package was secured with duct tape and
labeled, then placed in a protective core box for transport. Prior to transport the core was keptin a
locked vehicle and/or within site of the project personnel. The core was transported within a maximum
of 72 hours of collection to the engineering laboratory at Marshall University. During transport the core
boxes were wrapped in moving blankets (or equivalent padding) to minimize the impact of potential
vibration. Mode of transport was by personal or rental vehicle driven by the P.I. or his student
assistants or by personnel from Gannett Fleming. A chain-of custody form was used for each core or
group of cores to document transfer of samples from one site to another or from one person to another.
The above procedures were consistent with ASTM D 2113 Section 5.0.

One or two additional rock samples were collected and preserved from surface exposures at or
immediately adjacent to the bridges. Stream pH was measured and recorded at each bridge location
(see Table 15). The drilling schedule is presented in Table 3.
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Table 3 — Project Drilling Schedule

WVDOH Scour Boring Locations
ROTATION |[DATE*®* INSPECTOR |BRIDGE NAME COUNTY BORING NAME |[Lat DMS Long DMS
6/20/2011 NJW Caldwell Run Ohio  |CAL-01 40d02'37.56"N 80d42'41.69"W
6/20/2011 NIW CAL-02 40d02'38 44°N 8044241 92"W
6/21/2011 NJW Paden Fork Wetzel PAD-02 39d35'33.45"N 80d54'34.16"W
6/21/2011 NJW PAD-01 39d35'33.39"N 80d54'33.26"W
6/22/2011 NJW' | | ittle Sandy Creek | Jackson |SAN-01 38d5901.7°N 81d42'53 41"W
6/22/2011 NJW SAN-02 38d59'01.02"N 81d42'53.45"W
6/23/2011 NJW Sth St Ritter Park | Cabel  |RIT-01 38d24'22 95'N 82426'49 67"W
6/23/2011 NIW RIT-02 3842421 59N 82d26'49 63"W
6/24/2011 NJW Leatherwood | Kanawha |LEA-02 384268/08.17"N 81d21'52.69"W
6/24/2011 NJW LEA-01 38428108 61°N 812153 35"W
1
6/25/2011 NIW _
Bridge Fork Fayette |gpr.of 3841224 03"N 810824 33"W
6/25/2011 NIW BRF-02 3841224 22'N 81d0823 67"W
6/26/2011 NJW Coon Creek Summers |(COO0-01 37d50'46.79"N 80d51'14.65"W
6/26/2011 NIW C00-02 375046 39N 805114 04"W
6/27/2011 NIW o ey [CAUDT 38d5230.42'N 80d1550.58"W
6/27/2011 NIW P LAU-02 385231 40N 801551 16"W
6/28/2011 NJW Audra Park Barbour |AUD-01 30d02'28.35"N 80d04'02.81"W
6/28/2011 NIW AUD-02 30d02'29.57'N 80d04'03.57"W
6/29/2011 NJW Grassy Run Marion  |GRA-01 30d27'12.99"N 80d03'53.93"W
6/29/2011 NIW GRA-02 30d2712.55'N 80d03'54.67"W
7/6/2011 JMG Cucumber McDowel Ccuc-01 37d16"16.71"N 81d37'14.86"W
7/6/2011 JMG cuc-02 37d16'15.55"N 81d3714 . 81"W
772011 JMG Clear Fork Wyoming |CLE-01 37d37'26.61"N 814213 40"W
T/7/2011 JMG CLE-02 37d37'25.81"N 81d42'11.61"W
2 1182011 JNG Beverly Randolph |BEV-01A 38d50'33.12"N 79d52'35 67"W
7/9/2011 JNG BEV-02A 38d50'32.28'N 7945233 68"W
7/10/2011 JMG Roaring Creek Pendeleton ROA-01 38d50'48.79"N 79d25'18.93"W
7/11/2011 JMG v ROA-02 38d50'49 68"N 79d25'18.61"W
71272011 JNG ieh Road Borkeioy |MISO1 30d2043'N 78d0402"W
712/2011 JNG Y [Mis02 30d2043'N 78d0401"W

Lab Analysis of Rock Sampling

Rock core and surface exposure samples were subjected to testing for specific gravity at natural (field)
moisture conditions and modified slake durability (continuous abrasion). Cores samples were also tested
for unconfined compressive strength (UCS). All tests were conducted in accordance with applicable
ASTM standards and NCHRP Project 24-29.

The slake durability tests were performed by the P.l. and undergraduate geology students supervised by
the P.l. and trained in the method. Slake durability testing was conducted using standard lab equipment
owned by the Marshall Department of Geology and housed in the Weisberg Engineering Laboratories at
Marshall (see Figure 1). The slake durability apparatus used for this project consisted of two drums, so
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two tests could be run at a time. The testing methodology was based on the modified procedure as
described in the NCHRP Project 24-29, which is based on Dickenson and Baillie (1999). Rock pieces
taken from both surface exposure and core samples met the test method requirements for mass (10
pieces at 40-60 grams each). However, pieces taken from the surface exposure samples more nearly
met the requirement that pieces be equidimensional than those from the core samples which, by
necessity, were disc-shaped, with the long dimension equal to the core diameter (see Figure 2). The
effect of these shape differences is evaluated later in this report when discussing test results.

Figure 1 — Rotating drum used in the continuous slake durability tests.

The fundamental goal of the testing was to define the linear portion of the curve relating scour depth to
stream power. This required three or more points on this portion of the curve, with each point
corresponding to a multiple of a 60-minute continuous abrasion cycle. For example, depending on the
rock type, the linear portion of the curve was sufficiently delineated by the weight loss at 180, 240, and
300 minutes; 300, 360 and 420 minutes; or 360, 420 and 480 minutes of continuous abrasion. Typically

two tests were run per day. Figure 2 shows an example of rock samples before and after continuous
slake durability testing.
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Figure 2 — Example of rock samples before (left) and after (right) continuous slake durability testing.

Core samples for UCS testing were trimmed to shape and size specifications (ASTM D-4543) by Triad
Engineering, Inc. in St. Albans, WV. The UCS tests were performed on the prepared samples at Triad by
the P.l. and a student assistant per ASTM D2938.

Computation of Geotechnical Scour Number

Derivation of Depth of Scour and Equivalent Stream Power from Lab Testing

The modified slake durability testing requires that mass lost during each 60-minute cycle be recorded
and then converted to a volume using the natural (field) saturated specific gravity of the rock being
tested:

V; = Mi / Vsat
V;= incremental volume lost during 60-minute test interval (L),
M; = incremental mass lost during 60-minute test interval (M),

Vsat = natural (field) saturated specific gravity of the rock being tested (M/L3).

Multiple measurements at successive test intervals up to 9 hours result in a series of V; which are then
normalized by a unit area to derive a linear dimension equivalent to a depth of scour for each interval:
Dx+60 min) = Vi (x*60 min)/ unit area

D(x+60 min) = equivalent depth of scour corresponding to test interval x (= 1,2,3 ...9)
minutes (L),

Vi x*60 min)= incremental volume lost during test interval x (= 1,2,3 ...9) minutes, (L),

unit area = area in appropriate units (L).
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Equivalent stream power for each test interval can be calculated based on the average weight of sample
per test interval, the distance (equivalent length) traveled by the sample in the submerged rotating
drum during the test interval, and the time of the test interval:

w=Lt [ Wy, Wy 1/ 2 Ayl
= equivalent stream power [force* L/T/L?,
L = equivalent length (L),
t = incremental time of test interval (T).
[ W)+ Wix.1) 1/ 2 = average weight of sample during test interval (force).
A(I/g) = area of submerged portion of drum (1/8 of total area).

The final result of each modified slake durability test, then, allows a plot of w versus D for multiple test
intervals. An example from Keaton and Mishra (2010) is shown in Figure 3:
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Figure 3 — Plot of Equivalent Scour Depth vs. Equivalent Stream Power

It should be noted that as the test proceeds (increasing time, above), data points define a trend that
approaches lower values of both stream power and scour. This is because stream power is a function of
sample weight which, as the sample progressively abrades, is decreased in later test intervals.

Derivation of Geotechnical Scour Number

When the linear portion of the equivalent scour versus equivalent stream power plot is considered, a
slope can be defined for each test (Figure 3). This slope can then be expressed as scour per unit stream
power (e.g., foot of scour per unit of power). A higher GSN represents a higher slope; a lower GSN
represents a lower slope. In other words, higher values reflect a greater amount of scour, or abrasion,
per unit stream power, while lower values reflect a lesser amount of scour, or abrasion, for the same
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expenditure of stream power. This parameter, the geotechnical scour number (GSN), becomes the basis
by which the scour potential of different rock types can be compared when scour is occurring by
abrasion of degradable rock. In addition, for sites affected by abrasion, the GSN becomes the starting
point for relating calculated values of cumulative stream power at bridge sites to predicted scour depth.
Since the mode of scour was not always initially evident from field inspection, GSN was calculated for all
bridge sites evaluated for this project. Regardless of scour mode, the GSN and GSN* serve as a useful
means of comparing the abrasion resistance of different rock types.

The GSN was calculated two ways for this project: 1) by forcing a zero-intercept for the best-fit line, and
2) by not forcing a zero-intercept. The former method follows the procedures specified in NCHRP 717,
which is meant for degradable (i.e., less abrasion-resistant) rocks that trend toward near-zero values of
equivalent steam power and equivalent scour depth. In such cases, forcing a zero-intercept both honors
the data and produces a relatively strong linear correlation. However, for continuous slake durability
data from the 15 West Virginia bridges, the median coefficient of determination (R?) was only 0.13 when
the GSN was calculated in this manner. In contrast, for GSN calculated without forcing a zero-intercept,
the median R* value was 0.79. These differences are primarily due to the fact that scour of rock at the
majority of West Virginia bridges studied occurs by some degree of quarrying of durable, jointed rock,
rather than by abrasion of degradable rock. Durable rock, by definition, tends to be resistant to
abrasion. When subjected to a modified slake durability procedure, durable rocks retain significant
mass, and thus stream power, throughout the test, and a linear regression on the data intersects the x-
axis (stream power axis) at a significant positive value. The physical significance of this x-axis is known
as the “threshold value” and represents the minimum stream power needed to initiate abrasion scour
(NCHRP 717).

Figure 4 shows a representative example from the project data of GSN calculated both with and without
forcing a zero-intercept and the resulting change in GSN and R%. For the remainder of this report, GSN
will be used to refer to the slope of the best-fit line determined from the zero-intercept method (per
NCHRP 717), and GSN* will be used to refer to the slope of the best-fit line determined from the non-
zero-intercept method.
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Figure 4 -- Representative plot of continuous slake durability test results with linear trend of late-time
data determined with and without forcing a zero-intercept.

Hydrology Methods and Flow Rate Characterization

Stream Gage Data

Initial assessment of flow data availability at each of the project sites was performed by a comparison of
project locations to the inventory of stream gage sites that is maintained at the USGS National Water
Information System Mapper (USGS, National Water information System Mapper, 2013), and cross-
referencing the stream gages identified in the USGS publication “Estimation of Flood-Frequency
Discharges for Rural, Unregulated Streams in West Virginia (USGS, SIR 2010-5033, 2010). Nearby stream
gages were identified for each project site, including data type (e.g., annual peak vs. daily average flow),
the dates of available data, coverage percentage during the availability range, distance from the gage to
its respective project site, and characteristics of the watershed gaged such as area, mean elevation, and
the presence of any flow-regulating structures within the watershed. For each project site, a table was
prepared summarizing the available stream gage data, an example of which for the 5™ Street Ritter Park
project site is shown in Table 4. Corresponding tables for all project sites are provided in Appendix A.
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Table 4 — Stream gage stations near the 5™ St. Ritter Park project site.

. . Drainage
Project / Stream USGS X Covg. Dist. Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ?n:?% Type
5th St. Ritter 1921-
Park, Fourpole - - 38.4063 -82.447 - 547 13.24 -
Present

Creek

Mud River Near 1939-

Milton, WV 03204500 1980 100 38.388 -82.113 18.1 | 572.6 256 DD

Sandusky Creek 1978-

near Burlington 03205995 61 38.418 -82.51 3.5 553 0.73 AP
2011

OH

FOURPOLE

CREEK NEAR 1999-

HUNTINGTON, 03206450 5011 100 38.3625 -82.392 4.3 599.4 4.02 AP

Wwv

TWELVEPOLE 1915-

CREEK BELOW 03207020 1982 63 38.249 -82.434 10.9 | 559.3 300 DD

WAYNE, WV

At four of 15 project locations — 5™ Street Ritter Park, Audra Park, Beverly, and Clear Fork — the stream
flowing under the bridge in question was gaged. At 5™ Street Ritter Park, however, the coverage range
and gage location (i.e., upstream area) relative to project location limited the applicability of gage data.
For the rest, stream gage data was downloaded and a flood frequency analysis was performed based on
the guidelines identified in USGS Bulletin 17B ( Geological Survey Office of Water Data Coordination,
1982), using the USGS-sponsored PeakFQ version 5.2 software (Flynn, Kirby, & Hummel, 2006). The
output of this flood frequency analysis was a characterization of discharge as a function of recurrence
interval, including an estimate of flow rates associated with the 95% confidence interval. An example of
this output is provided in Table 5 for the Audra Park project location, and tables for Beverly and Clear
Fork are found in Appendix A.

Confidence intervals are identified throughout this report for two primary reasons. First is to
acknowledge the relative uncertainty that is inherent in hydrologic modeling and estimation, and
specifically with respect to the data sources utilized in this project. Since a modeling-based approach
inevitably yields more uncertainty about time-series flow rates than the stream gage based approach
that served as the foundation of NCHRP Project 24-29, it is important to characterize the extent of this
uncertainty, where possible. The second reason why confidence intervals are provided is in case
additional threshold analyses are conducted at the project sites. Since the quarrying mode of scour is a
threshold, rather than gradual, phenomenon, it is important to understand the entire probabilistic range
of flow rates, rather than just the 50 percentile probability flow rate.
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Table 5 — Flood frequency analysis for the Middle Fork River at Audra Park.

Recurrence Discharge 95% Confidence Interval
Interval (yr) (ft*/s) Lower Upper
2 6035 5547 6564
5 8495 7719 9394
10 10239 9140 11510
25 12601 10950 14423
50 14483 12301 16765
100 16474 13682 19247
200 18596 15093 21869
500 21649 17015 25612

An analysis of daily average flow data at Audra Park, Beverly, and Clear Fork was conducted to
determine the typical duration of flow events that contribute to Cumulative Effective Stream Power. By
comparing flow rates during the day prior to and day after days where the highest flow rates at each site
were reported, it was concluded that flow durations above the 2-yr peak flow rate are not multi-day in
nature. That means, for example, that although it may require more than one day to fully drain the
Audra Park watershed following the 10-year storm, that portion of the 10-year storm hydrograph that is
above the peak flow rate of the 2-year storm is less than one day in duration. This finding guided
subsequent calculations of stream power.

Instantaneous peak flows from the flood frequency analysis were incorporated into runoff hydrographs
that characterized flow as a function of time. Since computations of Cumulative Effective Stream Power
integrate stream powers over time that exceed the peak stream power for the two year storm event,
and since the watersheds studied in this research exhibited relatively short times of concentration,
computing stream power on the basis of Average Daily Flow data would neglect important high energy,
peak flow times during storm events. These peak flows are particularly relevant for the quarrying and
plucking scour mode. Additional information related to watershed modeling and the approach utilized
for hydrograph generation is provided in the Watershed Modeling section of the Research Approach.

Watershed Modeling

Since stream gage data was unavailable for 12 of 15 project sites, a flow synthesis approach was used
based on watershed characteristics. A watershed model was created for each site; Figure 5 represents
the delineated watershed at Leatherwood Road, and Table 6 summarizes several relevant watershed
parameters at Leatherwood Road. Corresponding figures and tables for each project site are included in
Appendix A.

21



Figure 5 - Image of delineated Leatherwood watershed.

Elevation data for each watershed was taken from Digital Elevation Map (DEM), National Elevation
Dataset (NED) data that is available at the USGS National Map Viewer website (USGS, 2013). Watershed
boundary delineation was performed using the TOPAZ digital landscape analysis tool (Garbrecht &
Martz, 1999) that is embedded into Aquaveo’s Watershed Modeling System (WMS) software.

Table 6 - Watershed characteristics for Leatherwood Road.

Parameter Value
Location Lat: 38.468833
Long:-81.365000
Region — USGS SIR2010-5033 Western Plateaus
Basin Area (mi’) 3.34
Average basin elevation (ft) 3202
Average basin overland slope (%) 97.5
Maximum flow distance (ft) 24565
Slope along maximum flow distance (%) 10.5
Shape factor (basin length / basin width) 3.44

Sinuosity factor of stream (max. stream

length / basin length) 0.80
Runoff Curve Number 65.3
Time of Concentration (hr.) 1.049

22



The National Land Cover Database 2006 data incorporated into calculations of runoff Curve Number is
also available at the National Map Viewer website. Soil Survey Geographic (SSURGO) soil type data
utilized in watershed modeling was taken from the Natural Resources Conservation Service (NRCS) Soil
Data Mart website (NRCS, 2013). Curve Number calculations incorporated overlapping land cover and
soil type polygons, according to the classifications described in Chapter 9 (Hydrologic Soil-Cover
Complexes) of the Natural Resources Conservation Service’s Part 630 Hydrology — National Engineering
Handbook, and as summarized in Table 7. A table summarizing Curve Number calculations for each site’s
watershed is provided in Appendix A.

Table 7 — Land Cover, Soil Group, and Curve Number.

USDA Hydrologic Soil
Class \ Value NLCD (2006) Description Group
A B C D

Water

11 Open Water 98 98 98 98

12 Perennial Ice/Snow 98 98 98 98
Developed

21 Developed, Open Space 39 61 74 80

22 Developed, Low Intensity 51 68 79 84

23 Developed, Medium Intensity 54 70 80 85

24 Developed High Intensity 89 92 94 95
Barren

31 Barren Land (Rock/Sand/Clay) | 77 [ 86 | 91 | 94
Forest

41 Deciduous Forest 30 55 70 77

42 Evergreen Forest 30 55 70 77

43 Mixed Forest 30 55 70 77
Shrubland

52 | Shrub/Scrub | 30 [ 58 | 71 | 78
Herbaceous

71 | Grassland/Herbaceous | 30 | 58 | 71 | 78
Planted/Cultivated

81 Pasture/Hay 39 61 74 78

82 Cultivated Crops 65 75 82 86
Wetlands

90 Woody Wetlands 30 55 70 77

95 Emergent Herbaceous Wetlands 98 98 98 98

Watershed time of concentration was determined according to the Soil Conservation Service (SCS)
method, which incorporates the maximum flow distance within a watershed, average watershed slope,
and curve number into an estimate of lag time.

A review of available precipitation data in the vicinity of each project site was conducted to assess the
viability of incorporating historical rainfall data into watershed models. An example of the weather data
station summary table prepared for each site, and available in Appendix A, is provided in Table 8 for 5t
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St. Ritter Park. Among the factors that constrained utilization of historical rainfall data was the period of
record (i.e., was precipitation data available in the years since the bridge at each site was constructed),
the consistency of data availability within the period of record, and the distance from the project site.
Review of precipitation data from stations as close together as 5 miles revealed considerable differences
in precipitation depths for the same days, reflecting spatial distribution of precipitation patterns that
ultimately limited the incorporation of historical precipitation data into watershed models. Where
precipitation gages were outside of watershed boundaries, it was not possible to know with confidence
what the actual precipitation patterns inside the watershed were over time. This limited the ability of
watershed models to be used to predict runoff flows on specific dates, and use this data to compute
stream powers associated with actual flood events. An analysis of each site’s precipitation data, and
relative quality with respect to coverage and proximity, is summarized in the corresponding sections of
Appendix A.

Table 8 — Summary of weather stations and data availability for 5" St. Ritter Park.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Huntington USC00464388 | 1948-1967 92 38.416 | -82.45 | 565 | 0.7

Federal Bldg.

Huntington 2 | USC00464383 | 1943-1951 94 38.416 | -82.433 | 600 | 1.0
Huntington USC00464397 1967- 85 38.401 | -82.526 | 520 | 43

Sewage Plant Present

Huntington 1 | USC00464378 | 1891-1957 90 38.416 | -82.366 | 679 | 45

In the absence of historical precipitation data, probabilistic precipitation data was obtained for use in
watershed modeling. The National Oceanic and Atmospheric Administration’s (NOAA)
Hydrometeorological Design Studies Center Precipitation Frequency Data Server (NOAA, 2013) was
utilized to obtain precipitation depths, including the 90% confidence interval, for storms associated with
average recurrence intervals of 2-, 5-, 10-, 25-, 50-, 100-, 200- and 500-years. An example of this data for
the 5 St. Ritter Park project site is shown in Table 9, and corresponding tables for each project site are
provided in Appendix A.
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confidence interval.

Table 9 — Precipitation depth at 5" St. Ritter Park for a 24-hour duration storm, including 90%

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.64 2.48 2.82
5 3.20 2.99 3.41
10 3.65 341 3.89
25 4.28 3.99 4.55
50 4.79 4.45 5.09
100 5.32 4,93 5.64
200 5.87 5.42 6.22
500 6.63 6.10 7.01

Peak flow rates for each of the 12 watersheds lacking stream gage data were developed using
probabilistic precipitation depth data (24-hour storm, Type Il temporal distribution) according to three
different methods, for sake of comparison and also to illustrate the relative uncertainties inherent in
application of watershed models utilizing probabilistic rainfall depths. In increasing order of complexity
these methods are: the regression equations presented in the USGS publication “Estimation of Flood-
Frequency Discharges for Rural, Unregulated Streams in West Virginia” (USGS, SIR 2010-5033, 2010); the
NRCS TR-55 model (NRCS Conservation Engineering Division, 2009); and the US Army Corps of Engineers
HEC-1 flood hydrograph model (US Army Corps of Engineers, 1998). Both TR-55 and HEC-1 were
executed using WMS as a pre- and post-processor. Where necessary to avoid drainage area limitations,
watersheds were broken up into contributing sub-basins.

Examples of the output of these three methods for the Leatherwood Road project site are shown in
Table 10 (USGS regression), Table 11 (TR-55), and Table 12 (HEC-1). Corresponding tables for each of the
project sites are provided in Appendix A.

Table 10 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and corresponding
90% confidence interval for the Leatherwood Road watershed.

Return Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 311 32.2 146 476

5 520 30.0 264 777
10 678 29.7 347 1010
25 896 30.3 450 1343
50 1073 31.3 521 1626
100 1256 32.5 584 1927
200 1448 33.9 641 2255
500 1720 36.1 699 2741
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Table 11 — Peak discharges derived from TR-55 watershed model of Leatherwood Road.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 225 172 298
5 470 375 589
10 724 589 868
25 1122 940 1314
50 1483 1249 1711
100 1874 1596 2138
200 2309 1969 2600
500 2931 2508 3260

Table 12 — Peak discharges derived from HEC-1 watershed model of Leatherwood Road.

R Peak 90% Confidence Interval

eturn .

Period (yr) Discharge,

Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)

2 211 162 277
5 427 345 529
10 649 529 781
25 1017 848 1196
50 1354 1136 1568
100 1722 1460 1970
200 2132 1811 2408
500 2722 2320 3036

In addition to providing a peak flow rate associated with each return period storm, the HEC-1 model
output includes a runoff hydrograph (using the SCS dimensionless unit hydrograph approach) that
defines flow rates over user-defined time increments, in this case being 15-minute intervals. With this
characterization of flow rate over time, it was possible to calculate stream power at each interval during
the storm duration. While details related to the computation of stream power are provided later in this
report, an illustration of the runoff hydrograph for the 2-, 5-, and 10-year storms at the Leatherwood Rd
project site are shown in Figure 6. In total there were 24 HEC-1 models executed for each of the 12
ungaged watersheds, yielding 288 runoff hydrographs, each of which had 200 time / flow rate data-

points.
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Figure 6- Runoff hydrographs (2-, 5-, and 10-yr flow) for Leatherwood Rd watershed.

For Audra Park, Beverly, and Clear Fork watersheds, a watershed model was prepared for the sole
purpose of defining the shape of runoff hydrographs. Since PeakFQ analysis output defined only the
peak flow rate for a variety of recurrence interval storms, some method was needed to translate peak
flows into a runoff hydrograph. Land cover, soil type, and other watershed data was utilized to estimate
times of concentration for watershed sub-basins, and these were coupled with estimates of hydraulic
routing of flow from sub-basins within each watershed to determine the flow rate as a function of time.
Runoff flows predicted by HEC-1 models were normalized to the peak flow rates defined by PeakFQ, and
subsequent hydrographs were ultimately utilized in stream power computations.

Hydraulic Analysis

Although it was initially anticipated that characterization of the stream cross section for use in hydraulic
modeling would be based on WVDOH-provided streambed surveys, such data ended up not being
available for the project sites that were ultimately selected. Likewise, the possibility of using high-
definition Digital Elevation Mapping to define channel geometry was inhibited by the small size of
project site channels relative to the resolution of DEM data. Thus it was necessary to conduct a field
survey of each site, including channel cross section and bridge geometry.

A minimum of three upstream and three downstream cross-sections were surveyed for each bridge, at
approximately 50 ft spacing, defining both the channel geometry and slope for subsequent translation
into HEC-RAS models. A survey of the bridge structure was also conducted in order to include bridge
elements in the hydraulic model. Channel roughness (Manning’s n) values were determined according to
material descriptions found in the HEC-RAS user’s manual (US Army Corps of Engineers, 2008).
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Additional information about each of the site hydraulic models can be found in the HEC-RAS project
files, previously provided to WVDOH.

To ensure that geometric data was available over a wide range of likely flows, data points were collected
to characterize each of the stream banks (i.e., left and right) in addition to the main channel. An
example of the results of survey data translation into model geometry is shown for the 5% St. Ritter Park
project site in Figure 7, and similar depictions are provided for each project site in Appendix A.
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Figure 7- HEC-RAS X-Y-Z Perspective Plot for 5 Street Ritter Park.

The HEC-RAS numerical model developed for each site was used to define flow velocity and depth over
the range of flow rates between the 2- and 500-year recurrence interval.

Since runoff hydrographs at each site would define flow rate over the course of a storm event, where
flow rate would vary flow baseline conditions (e.g., zero flow) to the peak flow rate, it was not practical
to execute the HEC-RAS model at each flow rate value for each site. A 24-hour duration storm that is
modeled at 15 minute increments will have 96 data points within the 24 hour period, each of which has
a unique flow rate. Each project site was modeled for baseline condition, 90% high, and 90% low of the
2-, 5-,10-, 25-, 50-, 100-, 200- and 500-year storms: totaling 24 conditions for HEC-1, and 24 conditions
for TR-55. Thus, in total, more than 4600 instantaneous flow rates were computed for each site. To
avoid running HEC-RAS at each of these, HEC-RAS was instead executed at a variety of flow rates over
the range of values experienced at each site, and then regression models were used to predict flow
velocity and depth as a function of flow rate.



An example of such a model for the Paden Fork site is shown in Figure 8, and similar depictions for each
of the project locations is provided in Appendix A. In most cases, the best-fit was obtained with a power
relationship, although at some sites linear or polynomial relationships were employed.
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Figure 8- Flow depth and velocity rating curve for Paden Fork.

Cumulative Effective Stream Power

As defined in NCHRP Report 717 (NCHRP, 2012), stream power is a function of shear stress and flow
velocity, and can be computed according to Equation 1:

2
nkK V
P:[ P )( 7;/3]'1/ Equation 1
1.486 v

0

where n = Manning’s roughness coefficient
K, = Turbulence-related velocity enhancement factor; 1.0 for approach flow, 1.5 for round-
nosed piers, 1.7 for square-nosed piers
V = flow velocity, (ft/s)
1.486 = factor for U.S. customary units (1.0 for metric units)
y = unit weight of water, 62.4 lb/ft3
yy= depth of approach flow, ft

Instantaneous power can be computed in a channel at any point in time by first defining the flow
velocity and depth at that time. Runoff hydrographs are developed for each project site, so that site’s
Cumulative Effective Stream Power can be computed through a process of inputting flow rate data into
hydraulic models, and determining the instantaneous stream power for each time interval. Since
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“effective” stream power is desired, the next step is screening out stream powers below the threshold
of the peak flow during the 2-yr event, and integrating power over the duration of an event. Finally, the
relative importance of any particular storm event can be accounted for by combining the probability of
encountering each event in a given year with the Cumulative Effective Stream Power for that event (see
Equation 2).

Figure 9 illustrates the concept of applying a threshold, to account for a minimum stream power below
which rock scour does not occur. This illustration, presented conceptually in terms of flow rate
(although the threshold is actually applied on a stream power basis when calculations are performed),
shows that none of the flows during a 2-year event (and thus none of the stream power associated with
the 2-year event) will contribute to the Cumulative Effective Stream Power, because those flows (and
stream powers) are less than the peak value of the 2-year event. By definition, Cumulative “Effective”
Stream Power only includes that stream power exerted beyond the peak of the 2 year event. This screen
is applied to all flows for each site.
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Figure 9- lllustration of the “effective” threshold, as applied to runoff hydrograph (Leatherwood Rd).

Finding the Cumulative Effective Stream Power for a given event is a matter of finding the area under
the Excess Stream Power curve, as illustrated for the 10-year event at Leatherwood Rd in Figure 10.
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Figure 10- lllustration of the Effective Stream Power for the 10-yr event at Leatherwood Rd.

Table 13 — Scour event Cumulative Effective Stream Power Q (approach flow) for Leatherwood Road —
based on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(fe1b/ft) (felo/f) | (felb/fc)
2 0 0 0

14,957 13,415 16,323

10 36,494 32,797 38,460
25 73,339 67,249 76,882
50 108,963 99,835 113,612
100 148,335 137,087 153,744
200 192,546 177,744 197,523
500 257,652 238,383 261,442

An example of the scour event Cumulative Effective Stream Power tables that are provided for each site
in Appendix A is shown for the Leatherwood Rd project site in Table 13. Once Cumulative Effective
Stream Powers are known for each of a site’s recurrence interval events, the cumulative impact of each
event, on an annual basis, can be estimated by developing an Annual Average Cumulative Effective
Stream power, Qannual average, USiNg each event’s annual probability A and Cumulative Effective Stream
Power Q in a probability weighting approach, summarized in Equation 2. Since Cumulative “Effective”
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Stream Power has been defined as the energy exerted above the two year flow, the term corresponding

to the interval between 0 and Q, is omitted from Equation 2.

Q,+Q Q. +Q Q,+Q
Qannual average = (%](jﬁ - 2’5 )+ [STIOJ(}“S - 2‘”10 )+ [%j(ﬂ’lo - /125 )

Q,.+Q Q,+Q Q Q

+ (—25 ; = ](125 - ﬂ“so )"’ (%}(Aso - /1100 )+ (%)(Aloo - 2“200 ) Equation 2
Q Q

+ (QJ(%OO — Asoo )+ Q500 As00

The result of this process is illustrated in Table 14 for Leatherwood Road, and corresponding tables are

provided in Appendix A for each project site.

Table 14 — Average Annual Cumulative Effective Stream Power Qannual average at Leatherwood Road.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 7,479 6,707 8,161
5-10 0.100 25,726 23,106 27,391
10-25 0.060 54,917 50,023 57,671
25-50 0.020 91,151 83,542 95,247
50-100 0.010 128,649 118,461 133,678
100-200 0.005 170,441 157,416 175,633
200-500 0.003 225,099 208,064 229,482
500- 0.002 257,652 238,383 261,442
Streaes powen, 0 (b | 13263 12,068 13,979

Once the Average Annual Cumulative Effective Stream Power has been determined for a site, this is
multiplied by the number of years since the bridge at that site was constructed, resulting in an estimate
of the total Cumulative Effective Stream Power at that site. Thus, as applied in this project, the
Cumulative Effective Stream Power calculation workflow for each site consisted of:

e Input precipitation data into HEC-1 model to obtain hydrograph (i.e., flow rate as a function of
time in 15-minute increments during the storm event)
e Input hydrograph into hydraulic models to obtain flow velocity and depth at each of the time

points included in the hydrograph
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Input flow velocity and depth values into the stream power equation (i.e., Equation 1), yielding
a characterization of instantaneous stream power at each of the recurrence intervals of interest
(i.e., 2-, 5-, 10-, 25-, 50-, 100-, 200- and 500-years)

Determine the peak stream power associated with the 2-year event — this is the threshold above
which stream power is “effective”

Subtract the 2-year peak stream power from stream powers of all other recurrence intervals,
yielding a temporal distribution of effective stream power for each recurrence interval event at
each site

Multiply the effective stream power [ft:b/s/ft?] during each 15-minute time increment by the
duration of that increment (i.e., 900 seconds) to yield the Cumulative Effective Stream Power
[ft-Ib/ft?] for that increment.

0 Note: Cumulative Effective Stream Power can also be expressed in terms of ‘Cumulative
Effective Daily Stream Power’ — an expression used in NCHRP Report 717 — by dividing
Cumulative Effective Stream Power, ft-Ib/ft?, by the number of seconds in a day (i.e.,
86,400), yielding units of ft:Ib/s/ft?

Sum all of the incremental Cumulative Effective Stream Powers for an event to find the
Cumulative Effective Stream Power associated with that event.

Apply the probability-weighting approach, multiplying the average Cumulative Effective Stream
Power for two events by the incremental probability between those events, and summing the
product of these over the entire range of probabilities. This approach is a stepwise integration
that approximates the Annual Cumulative Effective Stream Power.

Multiply the Annual Cumulative Effective Stream Power by the number of years since each site
was constructed, resulting in a probabilistically-based estimate of how much Cumulative
Effective Stream Power has been exerted at the site since it was built.

Finally, computing the Scour Number is a matter of dividing the scour depth (measured in field

inspection of the project site) by the Cumulative Effective Stream Power.

Although the design life of WVDOH bridges is 75 years, storms with a return period greater than this

may occur. For example, in any given year, there is a 0.5% chance of a 200-year storm occurring,

regardless of what the bridge design life is. For this reason, storms of up to a 500 year return period are

included in the probabilistic computations summarized in Equation 2.
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Findings
Geotechnical Findings

Characterization of Scour modes

Two of the scour modes defined in NCHRP 24-29 were recognized at bridge sites evaluated during this
project: abrasion and grain-scale plucking (heretofore referred to simply as “abrasion”) that affects
degradable (i.e., non-durable rocks), whereas the quarrying and plucking (heretofore referred to simply
as “quarrying”) mode affects durable rocks that are fractured into blocks small enough to be mobilized
by the available stream power. According to NCHRP 717 (2012), more than one scour mode may
operate over the life of a bridge. The majority of West Virginia sites showed some evidence for both
abrasion and quarrying. Five scour categories of scour were recognized, three of them hybrid: 1) pure
abrasion (PAB); 2) dominantly abrasion (DAB), 3) sub-equal abrasion and quarrying (AB/QP); 3)
dominantly quarrying (DQP); and 5) pure quarrying (PQP). Only one site (Coon Creek) was judged to be
affected solely by abrasion (PAB); four sites were judged to be affected solely by quarrying (PQP). The
remainder of sites fell into one of the three hybrid categories. As summarized in Table 15, pH was
measured to be greater than 7.0 at each of the sites where measurements were taken. In view of this,
chemical dissolution is not believed to have been a participating factor in the rock scour that was
observed.

Table 15 — Stream pH measurements at project sites.

Site Stream pH

1 - Leatherwood 8.4
2 - Fifth Street -

3 - Little Sandy 8.3
4 - Grassy Run 8.9
5 - Caldwell Run 8.6
6 - Paden Fork 8.3
7 - Audra Park 8.8
8 - Laurel Fork 8.3
9 - Roaring Creek 8.3
10 - Beverly 8.3
11 - Coon Creek 8.9
12 - Bridge Fork 8.8
13 - Cucumber 8.3
14 - Clear Fork 7.6
15 - Mish Road 8.2

Figure 11 shows an example of pure abrasion, where the scalloped, contoured appearance of the rock
indicates gradual, grain-by-grain wear. Figure 12 shows an example of pure quarrying. Scour by
guarrying occurs in discrete events as blocks are worked loose; the vertical extent of scour is a function
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of joint spacing, bed thickness, and hydraulic loading. Figure 13 shows an example of sub-equal abrasion
/ quarrying.

The information provided in Table 16 is a summary of scour mode and rock type by site, illustrating the
range of conditions represented at the 15 bridges selected for this project. As would be expected,
degradable rocks such as shales, claystones, and weathered sandstones scour primarily by abrasion and
durable rocks such as pure sandstones and limestones scour predominantly by quarrying.

Figure 11 — Abrasion of highly weathered sandstone at Coon Creek bridge site. Note scalloped
appearance of sandstone surface. Depth of scour, here as undercutting of protruding sandstone ledge,
is indicated by arrow.

Figure 12 — Quarrying of jointed and bedded sandstone at Roaring Creek bridge site. Depth of scour
(white arrow) measured as vertical thickness of block removed at base of pier.
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Figure 13 — Scour by sub-equal abrasion and quarrying at Paden Fork bridge site. Areas of abrasion (A)
and quarrying (Q) are indicated in yellow letters. The depth of scour (white arrow) is measured as the
distance from base of scoured interval to base of abutment.
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Table 16 — Summary of scour mode by bridge site and rock type.

Non-
Durable <<< Rock Type >>>
yp durable
. . Sandstone - Shale / Sandstone -
Sandstone Limestone | Siltstone .
impure Claystone weathered
PAB Coon Creek
DAB Caldwell Run
Bridge Fork;
Clear Fork;
Scour Laurel Fork;
Mode AB/QP Paden Fork: Leatherwood
Ritter Park;
Leatherwood
Cucumber;
bap Grassy Run
Audra Park;
PQP Roaring Mish Beverly
Creek
No Scour Little Sandy Little Sandy

* PAB — Pure Abrasion; DAB — Dominantly Abrasion; AB/QP — Abrasion and Quarrying & Plucking; DQP — Dominantly Quarrying

& Plucking; PQP — Pure Quarrying & Plucking

Characterization of Scour Extent

Scour was measured at all of the bridge sites in three dimensions: 1) vertical scour (in inches) below

bridge abutments or piers; 2) horizontal extent (in feet) along piers or abutments parallel to steam flow;

and 3) depth of scour (in inches), the extent of scour beneath abutments/piers in a horizontal plane

perpendicular to the abutment/pier wall. Figure 14 illustrates the vertical and depth measurements.
Table 17 lists the measurements for all sites. Field sketches in Appendix B show specific locations and

measurements of scour for all bridges.
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Water level (variable)

Figure 14 — Measurements of vertical scour and depth of scour. Horizontal extent of scour, not shown,
was measured parallel to the abutment or pier (perpendicular to the figure plane).

38



Table 17 — Scour extent and mode at each bridge site. “NM” indicates locations where measurements

could not be obtained due to inaccessibility or safety concens, e.g., high water.

Mode of Scour

Scour Extent

Site (MOS) Location Vertical (in) | Horizontal (ft) Depth (in)
min max min max min max
Audra PQP abutment 30 40 40 40 114 138
pier 1 2 2 2 4 5
Beverly PQP abutment 4 6 10.25 10.25 4 12
pier NM NM NM NM NM NM
Bridge Fork AB/QP abutment 2.5 4.5 15 15 1 6
Caldwell Run DAB abutment 12 20 12.5 24 9 30
Clear Fork AB/QP abutment 3 3 3 3 2.5 2.5
pier 4 4 2 2 1 8
Coon Creek PAB abutment 1 5 1 5.5 1 10
Cucumber DQP abutment NM NM NM NM NM NM
Grassy Run DQP abutment 12 12 12 12 5 18
Laurel Fork AB/QP abutment 2 4 24 24 2 10
Leatherwood -- Ss AB/QP abutment 5 12 18 18 ? ?
Leatherwood --Sh AB/QP abutment 7 14 5 5 ? ?
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Table 16 (continued)

Scour Extent
. Mode of Scour . . . .
Site % Vertical (in) | Horizontal (ft) Depth (in)
(MOS) .
Location
min | max | min max min max
Little Sandy NA abutment NA NA NA NA NA NA
but t 2 4 15 NM NM NM
Mish PQP abutmen
?
Paden Fork AB/QP abutment 15 15 ? 6.7 12 12
Ritter Park / 5th St AB/QP abutment NA NA NA NA NA NA
pier 8 10 10 12 ? ?
Roaring Creek PQP abutment 6 7 2 2.5 3 10
pier 1.5 2.5 3.5 12.5 1.5 2.5

Geotechnical Scour Numbers

As discussed in the Research Approach, the geotechnical scour number was calculated by two different
methods: GSN refers to the geotechnical scour number calculated per NCHRP 717 (2012) and GSN*
refers to this parameter calculated by an alternative method. The GSN and GSN* values calculated
from the slake durability data are shown in Table 18. The median GSN* value, 1.43 x 10, is
approximately 18 times the median GSN of 1.11 x 10®°. The median coefficient of determination for
GSN* (R*¥?=0.79) is approximately 6 times that of GSN (R’=0.13). The GSN has the advantage of being
linked to the method described in NCHRP report 717 for predicting scour of degradable rock from
abrasion. The GSN*, however, appears to better represent the durable rocks found in West Virginia.
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Table 18 — Geotechnical Scour Numbers calculated from continuous slake durability test data.

Bridge Site GSN R? GSN* R*> | GSN*/GSN R**/R?
Paden Fork 4.42E-05 | 031 | 7.84E-05 | 045 1.8 1.5
Coon Creek 8.99E-06 | 0.03 | 5.32E-04 | 0.88 59.2 293
Roaring Creek | 1.04E-05 | 0.12 | 1.38E-04 | 0.80 13.3 6.4
Caldwell Run 1.04E05 | 0.17 | 1.86E-04 | 0.92 17.9 5.4

Mish 2.89E-06 | 0.00 | 2.07E-04 | 0.82 71.6 189.4
Beverly 1.40E05 | 0.15 | 1.326-04 | 0.79 9.4 5.4
Laurel 1.18E05 | 0.14 | 2.06E-04 | 0.63 17.5 45
Bridge Fork 5.60E-06 | 0.09 | 1.39E-04 | 0.71 24.8 7.7
Cucumber 17905 | 034 | 1.086-04 | 0.87 6.1 26
Grassy Run 6.47€06 | 011 | 1.17E-04 | 0.63 18.1 6.0
Ritter Park 7.46E-05 | 0.05 | 8.686-05 | 0.70 12 13.8
Little Sandy 5.74E-05 | 0.84 | 8.04E-05 | 0.94 1.4 1.1
Audra Park 5.556-06 | 0.03 | 2.41E-04 | 0.85 43.4 25.9
Leatherwood (Sh) | ) 6o 05 | 034 | 897608 | 0.1 19.1 2.4
Leatherwood (Ss) | 4 J6e 05 | 030 | 1.486:04 | 0.73 8.7 2.4
Clear Fork 4.05E-06 | 0.04 | 2.256-04 | 0.77 55.6 18.6
MEDIAN VALUES | 1.11E-05 | 0.13 | 1.43E-04 | 0.79 17.7 5.7

Note: GSN and GSN* denote the values calculated with a zero-intercept (NCHRP 717 method) and without a zero-
intercept (alternative method), respectively. Units of GSN and GSN* are feet of equivalent scour depth per foot-
pounds per second per square-foot of equivalent stream power. R” and R** denote the coefficient of
determination associated with GSN and GSN*, respectively.

The range in GSN values obtained for this project range from 2.98 x 10 to 7.46 x 10° and a median of
1.15 x 107 (units of feet per ft-Ib/s/ft?). These compare to GSN values ranging from 2 x 10° to 1 x 10
and a median of 2 x 10 from NCHRP 717 (2012) expressed in the same units. The significantly lower
values and more limited range in GSN from the current study reflect the widespread presence of durable
rock across West Virginia, primarily relatively unweathered, quartz-rich Pennsylvanian- and
Mississippian-aged sandstone.
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The GSN* were evaluated to determine if there was a significant difference between values obtained for
core samples and those from surface samples. In Figure 15, each data point represents an individual
bridge site, with the average GSN* of two core samples plotted against the GSN* for the one surface
sample. This analysis indicated that for most sites there was no significant difference. Exceptions to this
general trend are the Roaring Creek (RCK) and Mish Road (MSH) sites, which both plot below the line in
Figure 15, indicating a significantly higher GSN* for the surface sample compared to the average for the
core samples. In contrast, data for the Laurel Fork (LFK) and Coon Creek (CCK) sites plot above the line
in Figure 15, indicating a significantly higher average GSN* for the core surface sample compared to the
surface sample. The largest deviation between core and surface GSN* is Coon Creek, which can best be
explained by near-surface fracturing and weathering in bedrock adjacent to the left abutment. The
general consistency between core and surface GSN* suggests that the shape differences of rock pieces
from the different sample types (see earlier discussion regarding lab methods) did not affect the results
from the continuous slake durability tests.

6.00E-04

CCK

5.00E-04 |

4.00E-04 |

3.00E-04 | # CORE ~ SURFACE

Core GSN

CORE>SURF

2.00E-04 | W SURF>CORE

1.00E-04 |

0.00E+00 : : :
0.00E+00 1.00E-04 2.00E-04 3.00E-04 4.00E-04 5.00E-04 6.00E-04

Surface GSN

Figure 15 - Comparison of GSN* values obtained from core and surface samples. GSN* is in
units of feet per foot-pounds per second per square feet.

Geographic Distribution of Scour mode

Figure 16 shows the distribution of observed mode of scour (MOS) for the 15 bridge sites used in this
study. Five of the six sites where quarrying was judged to be the sole or dominant mode of scour (PQP
and DQP, respectively) are located in the northeastern quarter of the state along the Allegheny Front

42



and within the Valley and Ridge Province. In contrast, excepting the Laurel Fork bridge in Upshur
County, abrasion is the sub-equal, dominant, or exclusive scour mode in the western and southwestern
parts of the state in the Appalachian Plateau (AB/QP, DAB, PAB, respectively).

The map of scour mode in Figure 16 is overlain on a geologic map of West Virginia, in which different
rock types appear as specific colors. The distribution of scour mode clearly is not controlled solely by
rock type. A more reasonable explanation is that tectonic-related rock deformation characteristic of the
Valley and Ridge and Allegheny Front included recrystallization and fracturing. These characteristics
make the rocks more durable and susceptible to quarrying. The steeper topography in these areas also
provides stream velocities capable of quarrying rock blocks formed by the intersection of fractures and
bedding planes.

Since rock scour is a phenomenon that is dependent upon both rock type and the highly variable stream
energy conditions encountered at a site, it is not possible to meaningfully depict ‘Potential for Scour’ in a
map. Although rock type can be readily presented on a map, stream energy conditions can vary
drastically within even a small watershed. A relatively flat, grassy area will experience extremely low
overland flow runoff velocities, and yet it may be in the immediate proximity to steeply inclined channel
sections where runoff velocity is high, and stream power accumulates quickly. Therefore, a statewide,
or even regional, combined depiction of stream power and rock type is not feasible. Where scour
potential needs to be determined, a detailed field investigation of rock conditions should be initiated to
look for signs of past rock scour, and site-specific assessment of hydrologic and hydraulic conditions
should be conducted to assess the relative quantity of stream power available for scour.
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Figure 16 — Geographic distribution of scour mode overlain on a simplified geologic map of West
Virginia. Circles indicate location of bridge sites. Color of circles indicates mode of scour.

Geographic Distribution of GSN

Figure 17 shows the distribution of GSN* values for the 15 bridge sites used in this study. No clear
pattern in geographic or geologic distribution of GSN* is apparent, although the three smallest GSN*
values were measured in rocks from Permian and uppermost-Pennsylvanian non-marine strata located
adjacent to the Ohio River in the far western part of the state. For the most part, however, the presence
of rocks with either low or high GSN* values (i.e., more or less resistant to abrasion) cannot readily be
explained in terms of regional distribution of rock type, age of strata, or geologic province. Even if the
GSN* hinted at some geographic or geologic control, it should be emphasized that GSN (or GSN*) is not
appropriate for predicting the magnitude of vertical scour at bridge sites where abrasion is the mode of
scour. As seen in Figure 16, only one site of the 15 in this study is characterized by pure abrasion.
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Figure 17 - Geographic distribution of GSN* overlain on geologic map of state. Ranges in GSN*
are shown in units of feet per foot-pounds per second per square feet. The two symbols
superimposed for the Leatherwood Bridge correspond to different GSN* for shale and
sandstone samples.

Relationship between GSN and Mode of Scour

Figure 18 illustrates a plot of median GSN* for each mode of scour. There is a general trend toward
higher GSN* with increasing dominance of abrasion. This result is not unexpected: after all, GSN and
GSN* both measure abrasion resistance, and GSN was designed specifically as a predictor of scour at
sites affected by abrasion. Figure 18 indeed suggests that sites with higher GSN* (i.e., less resistant to
abrasion) are more likely to be affected by this type of scour. However, the data also reveals a notable
discrepancy to this general trend: the median GSN is higher for sites where pure quarrying (PQP) is the
mode of scour than for sites where quarrying is accompanied by an equal degree of abrasion (AB/QP) or
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lesser degree of abrasion (DQP). This apparent discrepancy can be explained by recognition that rock
scour results from rock-water interaction, meaning that both rock and hydraulic characteristics must be
considered (NCHRP 717, 2012). For example, if fractures are closely spaced, the size of rock blocks is
relatively small, and the stream energy necessary for quarrying to occur is small compared to sites
where fractures are more widely spaced and blocks are larger. If rocks with a smaller, but still
significant, abrasion resistance (higher relative GSN*) happen to have a high fracture density, quarrying
could occur at relatively low stream velocities and not necessarily be accompanied by abrasion. If on
the other hand, more durable rocks (lower relative GSN*) happen to have a low fracture density, the
significant velocities necessary for quarrying large blocks may be attained only on an irregular basis but
stream energy would also likely be sufficient to perform abrasion.
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1.00E-04 -
0.00E+00

Figure 18 -- Comparison of median GSN* according to mode of scour. (GSN* is in units of feet
per foot-pounds per second per square feet).

Stream Power and Scour Number

The flow velocity and depth values required for computing Stream Power were derived using watershed
and hydraulic models, detailed summaries of which are provided in Appendix A for each site. Additional
discussion of hydraulic and hydrologic modeling and results is found in Appendix A, rather than in the
body text, because of length limitations. Using the 90% precipitation depth confidence interval for the
12 ungaged watersheds, and 95% peak flow confidence interval for the 3 gaged watersheds, Cumulative
Daily Effective Stream Power was computed for the baseline flow condition, and both low and high
range confidence interval values.
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Since additional uncertainty exists within the chain of hydrologic and hydraulic models besides
precipitation depths (e.g., within GIS data characterizing soil types within watershed boundaries, in the
computation of catchment time of concentration, in the Manning’s roughness coefficient estimates
made for channels, etc.), the actual Cumulative Daily Effective Stream Power encountered at each
project site may differ considerably from the estimates provided in Table 19. Since these estimates are
probabilistically-derived, deviation of actual flow conditions from those that might be expected on an
average basis may be particularly pronounced for relatively young sites, where ‘reversion to the mean’
has not yet occurred. Additionally, since eddies, vortices, and other turbulent effects likely arise along
abutment surfaces during the range of flows encountered during unsteady conditions, a generalized
assessment of average energy may differ considerably from the energy applied at any single location
over time. Therefore, the relative confidence interval size reported in Table 19 is merely a relative
indication of the impact of uncertainty built into precipitation depth and peak flow estimates, and not as
an absolute indication of the range of Cumulative Daily Effective Stream Powers occurring at each site.

Scour number, derived from the scour depth identified during field inspection and estimated Cumulative
Daily Effective Stream Power, is summarized in Table 19, along with the confidence interval range that is
implied by the range of Cumulative Daily Effective Stream Powers.

Table 19 — Cumulative daily effective stream power at each bridge site since it was constructed.

Cumulative Daily Effective Size of confidence
Site Stream Power Since interval, as % of
Construction (ft-1b/s/ft’) baseline value shown
1 - Leatherwood 3.7 14%
2 - Fifth Street 33.2 25%
2 - Fifth Street (Pier) 95.9 25%
3 - Little Sandy 3.0 70%
4 - Grassy Run 0.5 120%
5 - Caldwell Run 115 64%
6 - Paden Fork 4.6 96%
7 - Audra Park 159.0 66%
7 - Audra Park (Pier) 459.4 66%
8 - Laurel Fork 0.5 67%
9 - Roaring Creek 184.6 80%
9 - Roaring Creek (Pier) 533.5 80%
10 - Beverly 15.2 39%
10 - Beverly (Pier) 44.0 39%
11 - Coon Creek 53.6 69%
12 - Bridge Fork 5.9 36%
13 - Cucumber 3.1 60%
14 - Clear Fork 323.1 73%
14 - Clear Fork (Pier) 933.7 73%
15 - Mish Road 6.9 27%
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Table 20 — Scour number (vertical scour depth / cumulative daily effective stream power) at each site.

Scour Number Confidence Interval
Site (ft of vertical scour Range (ft of vertical
/ daily ft-lb/s/ft) | scour / daily ft-Ib/s/ft’)

1 - Leatherwood - Sandst. 1.9E-01 1.8E-01 - 2.1E-01
1 - Leatherwood - Shale 2.4E-01 2.3E-01 - 2.6E-01
2 - Fifth Street N/A N/A

2 - Fifth Street (Pier) 7.8E-03 5.2E-03 — Note A
3 - Little Sandy N/A N/A

4 - Grassy Run 2.0E+00 1.1E+00 - 3.1E+00
5 - Caldwell Run 1.2E-01 8.3E-02 — Note A
6 - Paden Fork 2.7E-01 1.4E-01 - 2.9E-01
7 - Audra Park 1.8E-02 1.3E-02 - 2.6E-02
7 - Audra Park (Pier) 2.7E-04 2.0E-04 - 3.8E-04
8 - Laurel Fork 5.5E-01 3.5E-01-6.2E-01
9 - Roaring Creek 2.9E-03 1.9E-03 - 4.0E-03
9 - Roaring Creek (Pier) 3.1E-04 2.0E-04 - 4.2E-04
10 - Beverly 2.7E-02 2.3E-02 - 3.4E-02
10 - Beverly (Pier) N/A N/A

11 - Coon Creek 4.7E-03 3.0E-03 - 5.5E-03
12 - Bridge Fork 5.0E-02 4.0E-02 - 5.6E-02
13 - Cucumber N/A N/A

14 - Clear Fork 7.7E-04 5.5E-04 - 1.1E-03
14 - Clear Fork (Pier) 3.6E-04 2.5E-04 - 5.3E-04
15 - Mish Road 3.6E-02 2.7E-02 — Note A

Note A — At the three sites noted, the upper limit of the confidence interval is not meaningful. This is due to
the 2-yr flow screening technique implicit in determining “effective” stream power, and a particularly wide
range of flow rates at these locations between the 2-yr and 500-yr storms.

In the absence of scour modes besides abrasion, and if Cumulative Excess Stream Power could be
definitively calculated, rather than estimated probabilistically, then one might expect a relatively linear
relationship between Cumulative Excess Stream Power and scour depth. Instead, as shown in Figure 19,
there appears to be additional variance among the project data that such a model does not account for.
As outlined previously, the likely contributors to this variance include additional scour modes (i.e.,
quarrying), and the multitude of uncertainties that accumulate along the path from precipitation depth
— duration — frequency estimates at a site to eventual estimation of Cumulative Daily Excess Stream
Power by way of hydrologic and hydraulic models.
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Figure 19 - Vertical scour (abutment) versus cumulative daily effective stream power for each site.

Comparison of Geotechnical and Empirical Scour Numbers

A comparison of Geotechnical Scour Number (GSN) and Scour Number for each of the project sites is
provided in Table 21.

Also included is a computed ratio of Scour Number / GSN, which, if GSN is to be a suitable predictive
surrogate for Scour Number, should be near a value of 1.0. If the Scour Numbers and GSNs at each
project site were equal, then a linear response with a slope of 1.0 would be observed. Such was not
observed to be the case, as shown in Figure 20. A linear regression on the data indicates a very poor fit.

In a ratio of Scour Number / GSN, a value less than 1.0 would mean that the equivalent scour depth
implied by GSN for a given cumulative effective stream power is too large compared to the actual scour
depth observed for the same cumulative effective stream power. A ratio value greater than 1.0, on the
other hand, would mean GSN-derived equivalent scour depth is too small compared to the actual scour
depth observed. With the exception of the Leatherwood Bridge, comparisons are also made for the
Scour Number and the Geotechnical Scour Number calculated by the alternative method (GSN*). The
GSN* agrees much better with the Scour Number than does GSN (median ratio of 189). Like the GSN,
using the GSN* to predict actual scour would underestimate the amount of scour at all sites except the
Leatherwood Bridge, but the prediction would be much better than using the GSN, and in the case of six
bridges would be off by less than two orders of magnitude. As with GSN, Figure 20 shows a linear
regression on the GSN* data indicating a very poor fit and all of the data excepting Leatherwood falling
above the green reference line equal to a ratio of 1.0.

Although the results from using the GSN* may appear more promising than for GSN, there are some
important qualifications that apply to these results. First, the GSN is part of the NCHRP 717
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methodology for predicting scour by pure abrasion (PAB). As a modified version of the Geotechnical
Scour Number, this should also be true of GSN*. As such, it is encouraging that three of the bridges
where the ratio of Scour Number to GSN* is less than 100 include one bridge characterized by pure
abrasion (Coon Creek) and three others characterized by sub-equal abrasion and quarrying (Ritter
Park/5th Street, Leatherwood shale, and Clear Fork). However, two of the six sites where the ratio is
less than 100 are bridges where the mode of scour was determined to be pure quarrying (Audra Park
and Roaring Creek). Because there is no known theoretical basis for claiming that GSN* would apply to
quarrying, it would be irresponsible at this time to imply that the current results suggest that GSN*
could be useful as a reliable predictor of scour at such sites.

Table 21 shows that the ratio is much greater than 1.0 for each project site (median value of over 4,600),
indicating that the equivalent scour depth implied by GSN is much less than the actual depth that was
observed, in most cases by orders of magnitude. Incorporating GSN into prediction in such case would
lead to non-conservative results (i.e., more scour would occur than expected). The same phenomenon
can be viewed graphically in Figure 20 where all of the data points excepting Leatherwood fall above the
green reference line equal to a ratio of 1.0.

Table 20 and Figure 20 also show comparisons of the Scour Number and the Geotechnical Scour Number
calculated by the alternative method (GSN*). The GSN* agrees much better with the Scour Number
than does GSN (median ratio of 189). Like the GSN, using the GSN* to predict actual scour would
underestimate the amount of scour at all sites except the Leatherwood Bridge, but the prediction would
be much better than using the GSN, and in the case of six bridges would be off by less than two orders
of magnitude. As with GSN, Figure 20 shows a linear regression on the GSN* data indicating a very poor
fit and all of the data excepting Leatherwood falling above the green reference line equal to a ratio of
1.0.

Although the results from using the GSN* may appear more promising than for GSN, there are some
important qualifications that apply to these results. First, the GSN is part of the NCHRP 717
methodology for predicting scour by pure abrasion (PAB). As a modified version of the Geotechnical
Scour Number, this should also be true of GSN*. As such, it is encouraging that three of the bridges
where the ratio of Scour Number to GSN* is less than 100 include one bridge characterized by pure
abrasion (Coon Creek) and three others characterized by sub-equal abrasion and quarrying (Ritter
Park/5" Street, Leatherwood shale, and Clear Fork). However, two of the six sites where the ratio is less
than 100 are bridges where the mode of scour was determined to be pure quarrying (Audra Park and
Roaring Creek). Because there is no known theoretical basis for claiming that GSN* would apply to
quarrying, it would be irresponsible at this time to imply that the current results suggest that GSN*
could be useful as a reliable predictor of scour at such sites.
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Table 21 — Rock type, scour mode, scour number, and scour number to GSN ratios.

. Scour Number | GSN (ft / Scour GSN* (ft / Scour
. Dominant Scour . . .
Site Rock Tvpe Mode (ft/daily daily Number daily Number
P ftlb/s/ft?) | fib/s2/fY) | /GSN | ft-lb/s>/ft) | / GSN*
Audra Sandstone PQP 1.80E-02 5.55E-06 3,243 2.41E-04 75
Beverly Siltstone PQP 2.70E-02 1.40E-05 1,929 1.32E-04 205
Bridge Fork Sandstone AB/QP 5.00E-02 5.60E-06 8,929 1.39E-04 360
Caldwell Run Shale DAB 1.20E-01 5.60E-06 21,429 1.86E-04 645
Clear Fork Sandstone AB/QP 7.70E-04 4.05E-06 190 2.25E-04 3.4
Sandstone
Coon Creek PAB 4.70E-03 8.99E-06 523 5.32E-04 8.8
(weathered)
Grassy Run Sandstone DQP 2.00E+00 1.79E-05 111,732 1.08E-04 18,467
Laurel Fork Sandstone AB/QP 5.50E-01 6.47E-06 85,008 1.17E-04 4,701
Leatherwood | ~2ndstone | \g/qp 1.90E-01 1.18E-05 | 16,102 | 2.06E-04 922
(Shaley)
Leatherwood Shale AB/QP 3.35E-05 4.69E-05 0.7 8.97E-04 0.04
Mish Limestone PQP 3.60E-02 2.89E-06 12,457 2.07E-04 174
Paden Fork Sandstone AB/QP 2.70E-01 4.42E-05 6,109 7.84E-05 3,444
R'tt:trhpstrk /| sandstone | AB/QP 7.80E-03 7.46E-05 105 8.68E-05 90
Rgf;?(g Sandstone PQP 2.90E-03 1.04E-05 279 1.38E-04 21
Median
3.15E-02 9.70E-06 4,676 1.63E-04 189
Values
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Figure 20 - Project-wide comparison of Geotechnical Scour Number (GSN) and GSN* vs. Scour Number.
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Conclusions

The following are the primary conclusions of RP-273, Criteria for Predicting Scour of Erodible Rock in
West Virginia:

Evaluation of the feasibility of using Geotechnical Scour Number (GSN) as a predictive tool for the rock
types and hydraulic conditions found in West Virginia.

The GSN centered methods described in NCHRP report 717 (2012) are intended for predicting scour only
at sites affected by abrasion, and not quarrying. When the GSN based approach was selected by
WVDOH for evaluation, the distribution of scour modes at bridge sites across the state was unknown.
The influence of quarrying was observed in field assessments as a contributor to scour at 14 of 15
project sites. As a consequence, minimal correlation was observed between Scour Number and GSN.
For this reason, the results from this project do not support the generalized implementation of the
NCHRP 717 (2012) approach in West Virginia. The differences between GSN and Scour Number
observed in this project are likely attributable in large part to multi-modal scour. Since GSN consistently
under-predicted Scour Number, that would mean under-prediction of scour depths (or over-prediction
of service life remaining) if the predictive application of GSN was implemented.

The Best Management Practices (BMP) document associated with this project seeks to overcome these
challenges by presenting an approach to classify rock by scour mode and classify sites by stream power,
and includes guidance and methodology for assessing mode(s) of scour at bridge sites in West Virginia
and recommended actions to be taken based on the results.

An additional benefit of having applied the GSN based analyses at the 15 project sites is that having a
dataset of Scour Numbers, representing a wide range of geographic, hydraulic, and geologic conditions,
may be useful to WVDOH and others in interpreting the cause of hydraulic scour of rock at other sites.
Should a Cumulative Effective Stream Power and corresponding Scour Number be determined for an
existing bridge site where scour has been observed, future performance could be estimating using a
probability weighting approach. Thus, the Scour Number data generated in this project will provide a
context for any attempt to predict bridge service life through with estimates of allowable additional
scour depth and Average Annual Cumulative Effective Stream Power.

Development and implementation of an approach that enables estimation of Stream Power at sites
where neither stream gage data nor historical precipitation data is available.

12 of 15 project sites from the project lacked stream gage data, and it is anticipated that the majority of
WVDOH’s bridge inventory will similarly lack stream gage data, or even direct historical precipitation
data. The capacity to determine Stream Power is requisite to computing Scour Number, and thus to
applying predictive techniques that depend on projecting future energy conditions at a site.

The Best Management Practices document associated with this project includes detailed instructions on
how to estimate stream power based on watershed models, probabilistic representations of
precipitation, and the computational steps required to determine average annual cumulative effective
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stream power. Process validation should be undertaken prior to the widespread implementation of this
approach, including an effort to field-validate watershed models for the unique geographic conditions
found in West Virginia. Further investigation is also recommended to characterize the range of
relationships that can exist between generalized approach flow conditions and specific hydraulic
conditions that can arise at abutments as a function of abutment geometry, orientation, and location in
the flow field.
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Appendix A — Project Site Hydrologic and Hydraulic Information

In this appendix, information is provided for each of the fifteen project sites with respect to their
watershed characteristics, methods utilized for characterizing flow rates over time at each site,
development of relationships that describe flow velocity and depth, and computation of cumulative
effective stream power.
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1 - Leatherwood Road

Watershed characteristics

Several relevant hydrologic parameters for the Leatherwood Road watershed are provided below in

Table 1.

Figure 1- Image of delineated Leatherwood watershed.

Table 1 - Watershed characteristics for Leatherwood Road.

Parameter

Value

Location

Lat: 38.468833
Long:-81.365000

Region — USGS SIR2010-5033

Western Plateaus

Basin Area (mi’) 3.34
Average basin elevation (ft) 3202
Average basin overland slope (%) 97.5
Maximum flow distance (ft) 24565
Slope along maximum flow distance (%) 10.5
Shape factor (basin length / basin width) 3.44
Sinuosity factor of stream (max. stream 0.80
length / basin length) ’
Runoff Curve Number 65.3
Time of Concentration (hr.) 1.049




A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
Table 2 below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.

Table 2 — Soil type, land cover, and curve number characteristics for Leatherwood Road.

Hydrologic Soil Land Cover Description CN Area (mi’)
Group
B Grassland/Herbaceous 58 0.003
B Developed Open Space 61 0.02
B Developed Low Intensity 68 0.002
B Deciduous Forest 55 1.145
C Deciduous Forest 70 1.862
B Evergreen Forest 55 0.025
C Developed Open Space 74 0.049
D Deciduous Forest 77 0.176
D Developed Open Space 80 0.046
C Evergreen Forest 70 0.015
Weighted CN = 65.2

Flow synthesis

Stream Gage Data. In Table 3, characteristics of the stream gage stations in proximity to the

Leatherwood Road project site are summarized, including period of record and data coverage within
that period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Left Fork of Leatherwood Creek (the water body which the Leatherwood Road bridge crosses) is an
ungauged stream. Additionally, none of the gauged streams in the nearby area are well-suited for flow
extrapolation to the Leatherwood Road project site, because of significant dissimilarities in watershed
drainage area, time period coverage that does not overlap with the period since the bridge was
constructed, and excessive distances from the project site location. Therefore, flow synthesis at the
Leatherwood Road project site utilizes two methods (as outlined below): the applicable USGS peak flow
regression equations, and creation of a watershed model that utilizes probabilistic rainfall data.



Table 3 — Stream gage stations near Leatherwood Road.

. . Drainage
Project / Stream USGS . Covg. Dist. Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) :;?Za) Type

Leatherwood Rd —

Left Fork of - 1987- - | 384688 | -81.365 ; 675 3.34 -

Leatherwood Present

Creek

Elk River at Queen | 37764y | 1928- 99 38471 | -81.284 | 4.4 | 6035 | 1145 DD

Shoals, WV Present

Elk Twomile C Trib 1964-

NR Charleston, 03197900 100 38.354 -81.523 11.7 796 0.49 AP
1974

WV

Pocatalico River at 1908-

Sissonville, WV 03201000 1998 60 38.526 -81.631 149 | 594.6 238 DD

Ashleycamp Run 1966-

Near Lefthand, 03197150 50 38.626 -81.234 13.0 810 2.01 AP

WV 2006

Rainfall Data. A summary of weather stations near the project location are provided in Table 4, including

Station ID, Period of Record, data coverage during the Period of Record, location, elevation, and

distance from the project site. Although the Clendenin weather station is near enough to the

Leatherwood Road project site that it could be considered for direct integration into watershed models

that characterize flow conditions since the bridge was constructed, the period of record at this weather

station ends in 2007, and does not enjoy 100% data coverage during the period when readings were

collected. Therefore, the Clendenin weather station is not a suitable data source for direct integration

into the Leatherwood Road watershed model. The Yeager Airport weather station, which has 100% data

coverage and includes all time periods since the Leatherwood Road bridge was constructed, is 13.7 miles

away from the project site. In view of substantial spatial variations in precipitation depths over this

spatial scale, the Yeager Airport weather station is likewise not a suitable source for direct watershed

model integration.

Table 4 — Weather stations near Leatherwood Road.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Clendenin USC00461723 | 1951-2007 93 38.493 -81.348 700 1.9

. 1948-
Yeager Airport | USW00013866 Present 100 38.3794 -81.59 910 13.7

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 5.




Table 5 — Precipitation depth at Leatherwood Road for a 24-hour duration storm, including 90%
confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.57 2.42 2.75
5 3.11 2.92 3.33
10 3.56 3.33 3.79
25 4.17 3.90 4.44
50 4.67 4.35 4.97
100 5.18 4.82 5.51
200 5.72 5.30 6.07
500 6.46 5.96 6.84

Development of flow rates at Leatherwood Road for a variety of return period storms utilized three
methods: USGS-provided regional regression equations (see Table 6), a TR-55 based watershed model
that incorporated 24-hour storm duration precipitation depths (see



Table 7), and a HEC-1 based watershed model that incorporated 24-hour storm duration precipitation
depths (see Table 8). Since calculation of cumulative effective stream power requires characterization of
flow rate as a function of time — and not simply the peak flow rate associated with a storm event —the
runoff hydrographs generated by the HEC-1 analysis were utilized for this purpose.

Table 6 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and corresponding
90% confidence interval for the Leatherwood Road watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 311 32.2 146 476
5 520 30.0 264 777
10 678 29.7 347 1010
25 896 30.3 450 1343
50 1073 31.3 521 1626
100 1256 32.5 584 1927
200 1448 33.9 641 2255
500 1720 36.1 699 2741




Table 7 — Peak discharges derived from TR-55 watershed model of Leatherwood Road.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 225 172 298
5 470 375 589
10 724 589 868
25 1122 940 1314
50 1483 1249 1711
100 1874 1596 2138
200 2309 1969 2600
500 2931 2508 3260

Table 8 — Peak discharges derived from HEC-1 watershed model of Leatherwood Road.

R Peak 90% Confidence Interval

eturn .

. Discharge,

Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)

211 162 277

5 427 345 529
10 649 529 781
25 1017 848 1196
50 1354 1136 1568
100 1722 1460 1970
200 2132 1811 2408
500 2722 2320 3036

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Leatherwood Road is shown in Figure 2, the
underlying geometry for which is based on a field survey that was performed at the site. Manning’s n-
values for the site are summarized in Table 9. The result of HEC-RAS modeling at the site is a flow depth

and velocity rating curve, presented in Figure 3.



Figure 2- HEC-RAS X-Y-Z Perspective Plot for Leatherwood Road.

Table 9 — Manning’s n-values utilized in HEC-RAS model for Leatherwood Road.

S =
N B~ O

Depth (ft) and Velocity (ft/s)
[y
o

o N b O

Velocity = 0.6676Q037%5

R*=0.9833

Left Right
Overbank Channel Overbank
U/S of 0.035 0.045 0.09
Bridge
D/S of 0.07 0.045 0.09
Bridge
s

Depth = 0.00440Q + 2.36072
p —
P R?=0.99097
1000 2000 3000 4000
Discharge, Q (cfs)

* Velocity
= Depth

Figure 3- Flow depth and velocity rating curve for Leatherwood Road.
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Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 10, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 11.

Table 10 — Scour event Cumulative Effective Stream Power Q (approach flow) for Leatherwood Road —
based on HEC-1 generated flow rates and hydrograph.

Table 11 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Leatherwood Road.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz

(fe1b/f) (ft-Ib/ft?) (ft-Ib/ft?)

2 0 0 0
14,957 13,415 16,323

10 36,494 32,797 38,460
25 73,339 67,249 76,882
50 108,963 99,835 113,612
100 148,335 137,087 153,744
200 192,546 177,744 197,523
500 257,652 238,383 261,442

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 7,479 6,707 8,161
5-10 0.100 25,726 23,106 27,391
10-25 0.060 54,917 50,023 57,671
25-50 0.020 91,151 83,542 95,247
50-100 0.010 128,649 118,461 133,678
100-200 0.005 170,441 157,416 175,633
200-500 0.003 225,099 208,064 229,482
500- 0.002 257,652 238,383 261,442
Strenm owen 0 bty | 13763 12,068 13,978
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2 - 5th Street, Ritter Park

Watershed characteristics

Figure 4- Image of delineated 5th Street Ritter park watershed.

Several relevant hydrologic parameters for the 5th Street Ritter Park watershed are provided below in
Table 12.

11



Table 12 - Watershed characteristics for 5" Street Ritter Park.

Parameter

Value

Location

Lat: 38.406253
Long: -82.447272

Region — USGS SIR2010-5033

Western Plateaus

Basin Area (mi’) 13.24
Average basin elevation (ft.) 766
Average basin overland slope (%) 235
Maximum flow distance (ft) 49132
Slope along maximum flow distance (%) 0.9
Shape factor (basin length / basin width) 3.10
Sinuosity factor of stream (max. stream

length / basin length) 1.20
Runoff Curve Number 73.2
Time of Concentration (hr.) 3.007

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.
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Table 13 — Soil type, land cover, and curve number characteristics for 5% Street Ritter Park.

Hydrologic Soil Land Cover Description CN Area (mi®)
Group
D Developed Low Intensity 84 1.093
C Developed Open Space 74 0.798
D Developed Open Space 80 0.629
D Developed Medium Intensity 85 0.39
C Developed Low Intensity 79 0.38
D Deciduous Forest 77 0.58
C Deciduous Forest 70 7.353
C Developed Medium Intensity 80 0.092
D Developed High Intensity 95 0.049
C Grassland/Herbaceous 71 0.292
C Pasture/Hay 74 0.636
C Evergreen Forest 70 0.154
B Developed Low Intensity 68 0.192
B Developed Open Space 61 0.108
B Developed Medium Intensity 70 0.031
D Evergreen Forest 77 0.015
B Deciduous Forest 55 0.064
B Grassland/Herbaceous 58 0.023
D Grassland/Herbaceous 78 0.062
D Pasture/Hay 78 0.121
B Pasture/Hay 61 0.077
C Woody Wetlands 70 0.01
C Developed High Intensity 94 0.013
B Developed High Intensity 92 0.01
B Cultivated Crops 75 0.003
C Cultivated Crops 82 0.003
C Open Water 98 0.003
C Mixed Forest 70 0.049
D Mixed Forest 77 0.005
C Shrub/Scrub 71 0.005
Weighted CN = 73.2

Flow synthesis

Stream Gage Data. In Table 14 below, characteristics of the stream gage stations in proximity to the

project site are summarized, including period of record and data coverage within that period, location,
distance from the project area, elevation, drainage area upstream of the gage, and whether the
available data consists of Daily Discharge (DD) or Annual Peak (AP).

Fourpole Creek (the water body which the 5™ Street Ritter Park bridge crosses) is a gauged stream.
However, the stream gage that is available is a considerable distance upstream of the project location,
gauging a watershed area of 4.02 mi’ of the 13.24 mi’ in question. Additionally, the Fourpole Creek
stream gauging location only covers from 1999-2011, whereas the bridge at 5™ Street was constructed
in 1921. In view of these facts, the Fourpole Creek stream gauging station is not able to provide a clear
picture of flow conditions at the project site since construction. Likewise, none of the other gauged

13



streams in the nearby area are well-suited for flow extrapolation to the 5 Street Ritter Park project site,

because of significant dissimilarities in watershed drainage area, time period coverage that does not

overlap with the period since the bridge was constructed, and excessive distances from the project site

location. Therefore, flow synthesis at the 5™ Street Ritter Park site utilizes two methods (as outlined

below): the applicable USGS peak flow regression equations, and creation of a watershed model that

utilizes probabilistic rainfall data.

Table 14 — Stream gage stations near 5" Street Ritter Park.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ?":Tf) Type
5th St. Ritter 1921-
Park, Fourpole - - 38.4063 -82.447 - 547 13.24 -
Present

Creek

Mud River Near 1939-

Milton, WV 03204500 1980 100 38.388 -82.113 18.1 572.6 256 DD

Sandusky Creek 1978-

near Burlington 03205995 61 38.418 -82.51 3.5 553 0.73 AP
2011

OH

FOURPOLE

CREEK NEAR 1999-

HUNTINGTON, 03206450 2011 100 38.3625 -82.392 4.3 599.4 4.02 AP

WV

TWELVEPOLE 1915-

CREEK BELOW 03207020 1982 63 38.249 -82.434 10.9 559.3 300 DD

WAYNE, WV

Rainfall Data. A summary of weather stations near the project location are provided in Table 15,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. None of the four nearby weather stations offer uninterrupted and

complete data coverage since the 1921 date of bridge construction at the 5™ Street Ritter Park site.

Table 15 — Weather stations near 5 Street Ritter Park.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Huntington | ,c-10464388 | 1948-1967 92 38.416 | -82.45 | 565 | 0.7

Federal Bldg.

Huntington 2 | USC00464383 | 1943-1951 94 38.416 | -82.433 | 600 | 1.0
Huntington USC00464397 1967- 85 38.401 | -82.526 | 520 | 43

Sewage Plant Present

Huntington 1 | USC00464378 | 1891-1957 90 38.416 | -82.366 | 679 | 45

14




Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 16.

Table 16 — Precipitation depth at 5™ St. Ritter Park for a 24-hour duration storm, including 90%
confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation : :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in)
2 2.64 2.48 2.82
5 3.20 2.99 3.41
10 3.65 3.41 3.89
25 4.28 3.99 4.55
50 4.79 4.45 5.09
100 5.32 4.93 5.64
200 5.87 5.42 6.22
500 6.63 6.10 7.01

Development of flow rates at 5" St. Ritter Park for a variety of return period storms utilized three
methods: USGS-provided regional regression equations (see Table 17), a TR-55 based watershed model
that incorporated 24-hour storm duration precipitation depths (see Table 18), and a HEC-1 based
watershed model that incorporated 24-hour storm duration precipitation depths (see Table 19). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of
time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.

Table 17 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and corresponding
90% confidence interval for the 5 Street Ritter Park watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 850 32.2 400 1301
5 1383 30.0 701 2066
10 1777 29.7 909 2645
25 2312 30.3 1160 3465
50 2741 31.3 1330 4153
100 3177 32.5 1478 4875
200 3634 33.9 1607 5660
500 4274 36.1 1736 6813
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Table 18 — Peak discharges derived from TR-55 watershed model of 5™ Street Ritter Park.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 1176 990 1397

5 1898 1616 2193
10 2543 2193 2905
25 3515 3059 3951
50 4347 3789 4852
100 5245 4581 5800
200 6205 5418 6828
500 7569 6614 8264

Table 19 — Peak discharges derived from HEC-1 watershed model of 5™ Street Ritter Park.

Peak 90% Confidence Interval
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)

2 1121 945 1330
1806 1537 2086
10 2419 2086 2764
25 3346 2911 3766
50 4151 3608 4642
100 5025 4379 5566
200 5960 5193 6567
500 7287 6358 7964

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for 5" Street Ritter Park is shown in Figure 5, the
underlying geometry for which is based on a field survey that was performed at the site. Manning’s n-
values for the site are summarized in Table 20. The result of HEC-RAS modeling at the site is a flow

depth and velocity rating curve, presented in Figure 6.
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Figure 5- HEC-RAS X-Y-Z Perspective Plot for 5 Street Ritter Park.

Table 20 — Manning’s n-values utilized in HEC-RAS model for 5" Street Ritter Park.

Depth (ft) and Velocity (ft/s)

25

20

15

10

Left Right
Overbank Channel Overbank
U/S of 0.08 0.04 0.045
Bridge
D/S of 0.08 0.04 0.045
Bridge

Velocity = 0.5544Q0-3749

R*=0.9928

* Velocity
= Depth
- - Depth = 0.0990Q0-5576
ol R?=0.9692
0 2000 4000 6000 8000 10000
Discharge, Q (cfs)

Figure 6- Flow depth and velocity rating curve for 5™ Street Ritter Park.

17



Stream Power

Cumulative Effective Stream Power at the 5 Street Ritter Park project site incorporated HEC-1
generated flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated
with a variety of return period storms are summarized in Table 21 (approach flow) and Table 22 (at
pier), including amounts associated with flow rates (and corresponding flow velocities and depths) that
were generated using the lower and upper 90% confidence interval precipitation depths. The Average
Annual Cumulative Effective Stream Power, which accounts for the Cumulative Effective Stream Power
associated with each return period storm and the annual probability of each of these storms, is shown in

Table 23 and Table 24.

Table 21 — Scour event Cumulative Effective Stream Power Q (approach flow) for 5 Street Ritter Park —
based on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream

Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)

2 0 0 0
5 37,218 53,869 67,442
10 87,469 107,740 127,886
25 175,898 208,530 246,995
50 257,804 306,060 358,364
100 349,663 400,521 467,898
200 451,305 512,419 602,582
500 599,790 664,968 772,204

Table 22 — Scour event Cumulative Effective Stream Power Q (pier) for 5 Street Ritter Park — based on

HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lower Upper
(Ft-Ib/ft) (ft-Ib/ft’) (ft-Ib/ft)
2 0 0 0

107,561 155,681 194,906

10 252,786 311,368 369,590

25 508,347 602,651 713,816
50 745,054 884,514 1,035,671
100 1,010,526 1,157,506 1,352,225
200 1,304,271 1,480,890 1,741,462
500 1,733,393 1,921,757 2,231,668
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Table 23 — Average Annual Cumulative Effective Stream Power Q (approach flow) at 5 Street Ritter

Park.
Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)

range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.

2-5 0.300 18,609 26,934 33,721

5-10 0.100 62,344 80,804 97,664

10-25 0.060 131,684 158,135 187,440

25-50 0.020 216,851 257,295 302,679

50-100 0.010 303,734 353,291 413,131

100-200 0.005 400,484 456,470 535,240

200-500 0.003 525,547 588,693 687,393

500- 0.002 599,790 664,968 772,204

Streams powen 0 (b | 3171 39,706 47,597

Table 24 — Average Annual Cumulative Effective Stream Power Q (pier) at 5" Street Ritter Park.

Increment Interval Cumulative Effective Stream Power, (ft:Ib/ft’)
(return period A size
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 53,780 77,841 97,453
5-10 0.100 180,173 233,524 282,248
10-25 0.060 380,566 457,009 541,703
25-50 0.020 626,700 743,583 874,743
50-100 0.010 877,790 1,021,010 1,193,948
100-200 0.005 1,157,398 1,319,198 1,546,844
200-500 0.003 1,518,832 1,701,323 1,986,565
500- 0.002 1,733,393 1,921,757 2,231,668
Str::i ﬁzaﬁl gu(rf:'_lf)?;’tz): 92,108 114,750 137,555
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3 - Little Sandy Creek

Watershed characteristics

Figure 7- Image of delineated Little Sandy watershed.

Several relevant hydrologic parameters for the Little Sandy Creek watershed are provided below in
Table 25.
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Table 25 - Watershed characteristics for Little Sandy Creek.

Parameter

Value

Location

Lat: 38.987800
Long: -81.719661

Region — USGS SIR2010-5033

Western Plateaus

Basin Area (mi°) 8.40
Average basin elevation (ft) 835
Average basin overland slope (%) 27.5
Maximum flow distance (ft) 29260
Slope along maximum flow distance (%) 1.9
Shape factor (basin length / basin width) 1.92
Sinuosity factor of stream (max. stream

length / basin length) 1.35
Runoff Curve Number 75.5
Time of Concentration (hr.) 1.722

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
Table 26, including Natural Resources Conservation Service Soil Survey Geographic Database (SSURGO)
derived hydrologic soil group, National Land Cover Database 2006 derived land cover classification,
corresponding Curve Number, and sub-element area.
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Table 26 — Soil type, land cover, and curve number characteristics for Little Sandy Creek.

Hydrologic Soil Land Cover Description CN Area (mi®)
Group
D Deciduous Forest 77 6.605
D Pasture/Hay 78 0.262
B Pasture/Hay 61 0.248
B Developed Open Space 61 0.087
B Deciduous Forest 55 0.406
D Developed Open Space 80 0.483
C Pasture/Hay 74 0.018
D Grassland/Herbaceous 78 0.018
D Shrub/Scrub 78 0.003
C Deciduous Forest 70 0.09
B Open Water 98 0.001
C Developed Open Space 74 0.003
D Developed Low Intensity 84 0.104
D Developed Medium Intensity 85 0.028
D Evergreen Forest 77 0.014
B Grassland/Herbaceous 58 0.011
D Cultivated Crops 86 0.018
B Cultivated Crops 75 0.003
Weighted CN = 75.5

Flow synthesis

Stream Gage Data. In Table 27, characteristics of the stream gage stations in proximity to the Little

Sandy Creek project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Little Sandy Creek (the water body which the Little Sandy Creek bridge crosses) is an ungauged stream.
Additionally, none of the gauged streams in the nearby area are well-suited for direct flow extrapolation
to the project site, due to excessive distance, significant differences in watershed drainage area, and
dissimilarities in the time period in question. Therefore, flow synthesis at the Little Sandy Creek site
utilizes two methods (as outlined below): the applicable USGS peak flow regression equations, and
creation of a watershed model that utilizes probabilistic rainfall data.
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Table 27 — Stream gage stations near Little Sandy Creek.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.
P Lat. L . A T
Gage Location Station ID eriod (%) a ong (mi.) (ft.) (':‘?za) ype
. 1977-
Little Sandy Creek - - 38.9878 -81.72 - 667 8.40 -
Present
shade Rivernear | 21c0c0 | 1965 | 100 | 39064 | -81.882 | 102 | 5769 | 1.56 DD
Chester OH Present
GRASSLICK RN NR 1965-
RIPLEY, WV 03159700 1976 100 38.765 -81.678 15.6 835 0.70 AP
REEDY CREEK 1951-
NEAR REEDY, WV 03154500 1978 100 38.961 -81.39 17.8 669 79.4 DD
LITTLE KANAWHA 1939-
RIVER AT 03155000 Present 100 39.059 -81.39 18.4 584.9 1,516 DD
PALESTINE, WV

Rainfall Data. A summary of weather stations near the project location are provided in Table 28,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. Since the nearest weather station is nearly 9 miles away from the

project site, and in view of the precipitation variations that can exist over such a spatial range, the

rainfall data from the Belleville Lock and Dam weather station is not suitable for direct integration into

the Little Sandy Creek watershed model.

Table 28 — Weather stations near Little Sandy Creek.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Belleville Lock | - )¢ 50330573 1968- 96 39.116 | -81.743 | 560 | 8.9

and Dam Present

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 29.
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Table 29 — Precipitation depth at Little Sandy Creek for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.56 2.41 2.73
5 3.10 2.92 3.31
10 3.54 3.33 3.77
25 4.15 3.89 4.41
50 4.65 4.34 4,93
100 5.16 4.81 5.46
200 5.70 5.29 6.02
500 6.43 5.94 6.79

Development of flow rates at Little Sandy Creek for a variety of return period storms utilized three
methods: USGS-provided regional regression equations (see Table 30), a TR-55 based watershed model
that incorporated 24-hour storm duration precipitation depths (see Table 31), and a HEC-1 based
watershed model that incorporated 24-hour storm duration precipitation depths (see Table 32). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of
time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.

Table 30 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Little Sandy Creek watershed.

Return . Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 610 32.2 287 933

5 1001 30.0 507 1496
10 1293 29.7 661 1924
25 1691 30.3 848 2533
50 2011 31.3 975 3046
100 2338 325 1088 3588
200 2681 33.9 1186 4176
500 3164 36.1 1285 5043
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Table 31 — Peak discharges derived from TR-55 watershed model of Little Sandy Creek.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 1253 1070 1469

5 1970 1722 2269
10 2607 2298 2955
25 3546 3139 3961
50 4350 3849 4812
100 5196 4613 5702
200 6111 5414 6662
500 7376 6524 8009

Table 32 — Peak discharges derived from HEC-1 watershed model of Little Sandy Creek.

Peak 90% Confidence Interval
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)
1171 999 1376
1851 1615 2136
10 2457 2163 2789
25 3353 2965 3750
50 4123 3643 4565
100 4933 4375 5419
200 5812 5143 6341
500 7025 6208 7632

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Little Sandy Creek is shown in Figure 8 the
underlying geometry for which is based on a field survey that was performed at the site. Manning’s n-
values for the site are summarized in Table 33. The result of HEC-RAS modeling at the site is a flow

depth and velocity rating curve, presented in Figure 9.

25



Figure 8- HEC-RAS X-Y-Z Perspective Plot for Little Sandy Creek.

Table 33 — Manning’s n-values utilized in HEC-RAS model for Little Sandy Creek.

Depth (ft) and Velocity (ft/s)

o N B O
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16
14
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Left Right
Overbank Channel Overbank
U/S of 0.07 0.05 0.07
Bridge
D/S of 0.07 0.05 0.07
Bridge

Depth = 1.1157Q0-305?
R*=0.9476

-
-

* Velocity
v
= Depth
Velocity = 0.2155Q04384
R2=0.9165
2000 4000 6000 8000 10000

Discharge (cfs)

Figure 9- Flow depth and velocity rating curve for Little Sandy Creek.
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Stream Power

Cumulative Effective Stream Power at the Little Sandy Creek project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 34, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 35.

Table 34 — Scour event Cumulative Effective Stream Power Q (approach flow) for Little Sandy Creek —
based on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft)) (ft-Ib/ft") (ft-1b/ft")
2 0 0 0

8,294 7,512 17,938

10 20,209 18,164 31,653
25 41,822 37,323 62,022
50 63,096 55,757 86,980
100 87,140 77,186 115,034
200 115,375 101,519 151,345
500 157,254 137,607 199,113

Table 35 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Little Sandy Creek.

Increment Interval Cumulative Effective Stream Power, Q
(return period A\ size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 4,147 3,756 8,969
5-10 0.100 14,252 12,838 24,796
10-25 0.060 31,015 27,743 46,838
25-50 0.020 52,459 46,540 74,501
50-100 0.010 75,118 66,472 101,007
100-200 0.005 101,258 89,352 133,190
200-500 0.003 136,314 119,563 175,229
500- 0.002 157,254 137,607 199,113
Stroams Powen, 0 (tibfiy | 7550 6751 12,070
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4 - Grassy Run

Watershed characteristics

Figure 10- Image of delineated Grassy Run watershed.

Several relevant hydrologic parameters for the Grassy Run watershed are provided below in Table 36.
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Table 36 - Watershed characteristics for Grassy Run.

Parameter Value
Location Lat: 39.453383
Long: -80.065397
Region — USGS SIR2010-5033 Western Plateaus
Basin Area (mi°) 2.52
Average basin elevation (ft) 1394
Average basin overland slope (%) 23.7
Maximum flow distance (ft) 16229
Slope along maximum flow distance (%) 3.9
Shape factor (basin length / basin width) 2.07
Sinuosity factor of stream (max. stream
length / basin length) 1.27
Runoff Curve Number 68.4
Time of Concentration (hr.) 1.407

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
Table 37, including Natural Resources Conservation Service Soil Survey Geographic Database (SSURGO)
derived hydrologic soil group, National Land Cover Database 2006 derived land cover classification,
corresponding Curve Number, and sub-element area.

Table 37 — Soil type, land cover, and curve number characteristics for Grassy Run.

Hydrologic Soil Land Cover Description CN Area (mi?)
Group
C Deciduous Forest 70 1.7
C Developed Open Space 74 0.145
C Pasture/Hay 74 0.175
C Barren Land 91 0.005
B Deciduous Forest 55 0.34
B Developed Open Space 61 0.025
B Pasture/Hay 61 0.063
C Developed Low Intensity 79 0.018
C Cultivated Crops 82 0.016
B Cultivated Crops 75 0.014
B Developed Low Intensity 68 0.001
D Deciduous Forest 77 0.002
C Mixed Forest 70 0.006
Weighted CN = 68.4
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Flow synthesis

Stream Gage Data. In Table 38, characteristics of the stream gage stations in proximity to the Grassy Run

project site are summarized, including period of record and data coverage within that period, location,

distance from the project area, elevation, drainage area upstream of the gage, and whether the

available data consists of Daily Discharge (DD) or Annual Peak (AP).

Prickett Creek (the water body which the Grassy Run bridge crosses) is an ungauged stream.

Additionally, none of the gauged streams in the nearby area are well-suited for direct flow extrapolation

to the project site, due to excessive distance, significant differences in watershed drainage area, and

data availability periods that do not overlap with the time since construction. Therefore, flow synthesis

at the Grassy Run site utilizes two methods: the applicable USGS peak flow regression equations, and

creation of a watershed model that utilizes probabilistic rainfall data.

Table 38 — Stream gage stations near Grassy Run.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.

Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) 2:‘?23) Type
Grassy Run, - 1995 1 .| 304534 | 80065 | - | 1031 | 252 .
Prickett Creek Present
BUFFALO CREEK 1907-

AT BARRACKVILLE, | 03061500 87 39.504 -80.172 6.7 883.6 116 DD

Present

WV

WEST FORK RIVER 1907-

AT ENTERPRISE, 03061000 84 39.422 -80.276 11.4 869.0 759 DD

Present

WV

THREE FORK 1984-

CREEK NR 03056250 2011 100 39.336 -79.994 9.0 999.4 96.8 DD

GRAFTON, WV

TYGART VALLEY R 1907-

AT FETTERMAN, 03056500 100 39.35 -80.042 7.3 957.9 1,304 DD
1939

WV

R F WICKWIRE 1965-

RUN ON US HWY 03056600 100 39.379 -79.963 7.5 1310 2.33 AP
1976

119 NR

COBUN CREEK AT 1965-

MORGANTOWN, 03062400 93 39.608 -79.955 12.2 892 11 DD
2002

WV

DECKERS CREEK

AT 1946-

MORGANTOWN, 03062500 2011 50 39.629 -79.953 135 805 63.2 DD

WV

Rainfall Data. A summary of weather stations near the project location are provided in Table 39,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. The Fairmont weather station is near enough to the Grassy Run

project site that precipitation data from this station may be suitable for integration into the Grassy Run
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watershed model. Rather than deviate from the established methodology that is utilized for the
remainder of the project sites, however, a probabilistic characterization of precipitation at the project
site is utilized. Comparison of probabilistically-derived runoff flows to runoff flows generated from
rainfall data near a project site should be considered in future research.

Table 39 — Weather stations near Grassy Run.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
. 1892-
Fairmont USC00462920 99 39.466 -80.133 | 1300 3.7
Present
1949-
Tygart Dam USC00468986 23 39.313 -80.029 1200 9.9
Present
Morgantown | - ;o 60466212 1921- 96 39.62 | -79.969 | 825 | 12.6
Lock and Dam Present

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 40.

Table 40 — Precipitation depth at Grassy Run for a 24-hour duration storm, including 90% confidence

interval.
Average s 90% Confidence Interval
Precipitation
Recurrence Depth (in.) Precip. Depth, Precip. Depth,
Interval (yr.) Lower (in.) Upper (in.)

2 2.53 2.38 2.71
5 3.07 2.88 3.28
10 3.51 3.29 3.75
25 4.12 3.85 4.39
50 4.61 4.30 491
100 5.13 4.76 5.45
200 5.67 5.24 6.01
500 6.41 5.90 6.79

Development of flow rates at Grassy Run for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 41), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 42), and a HEC-1 based watershed
model that incorporated 24-hour storm duration precipitation depths (see Table 43). Since calculation of
cumulative effective stream power requires characterization of flow rate as a function of time — and not
simply the peak flow rate associated with a storm event — the runoff hydrographs generated by the HEC-
1 analysis were utilized for this purpose.
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Table 41 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Grassy Run watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 253 32.2 119 387
5 426 30.0 216 636
10 557 29.7 285 829
25 738 30.3 370 1107
50 886 31.3 430 1342
100 1038 325 483 1594
200 1200 33.9 531 1869
500 1428 36.1 580 2275

Table 42 — Peak discharges derived from TR-55 watershed model of Grassy Run.

Return _ Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)
2 202 160 257
5 381 313 462
10 555 466 658
25 825 702 952
50 1059 909 1209
100 1322 1134 1488
200 1605 1379 1789
500 2009 1729 2221

Table 43 — Peak discharges derived from HEC-1 watershed model of Grassy Run.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge, Q, Lower (cfs) | Q, U (cfs)
Q (cfs) pper (cfs
2 189 151 238
347 287 420
10 507 424 603
25 760 645 880
50 981 840 1123
100 1230 1052 1388
200 1500 1284 1675
500 1885 1618 2088
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Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Grassy Run is shown in Figure 11, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 44. The result of HEC-RAS modeling at the site is a flow depth and velocity

rating curve, presented in Figure 12.

Note that when the velocity rating curve for Grassy Run was utilized in computing stream power, that
since the regression expression has a linear relationship, this would entail assigning a positive velocity
when flow rates were very low (due to the y-axis intercept). Thus, a threshold condition of V = 0 was
assigned for any flow rates below 20 cfs when computing stream power at this site.

Figure 11- HEC-RAS X-Y-Z Perspective Plot for Grassy Run.

Table 44 — Manning’s n-values utilized in HEC-RAS model for Grassy Run.

Left Right
Overbank Channel Overbank
U/S of 0.1 0.045 0.04
Bridge
D/S of 0.1 0.045 0.1
Bridge
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Figure 12- Flow depth and velocity rating curve for Grassy Run.

Stream Power

Cumulative Effective Stream Power at the Grassy Run project site incorporated HEC-1 generated flow
rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a variety
of return period storms are summarized in Table 45, including amounts associated with flow rates (and
corresponding flow velocities and depths) that were generated using the lower and upper 90%
confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power, which
accounts for the Cumulative Effective Stream Power associated with each return period storm and the
annual probability of each of these storms, is shown in Table 46.

Table 45 — Scour event Cumulative Effective Stream Power Q (approach flow) for Grassy Run — based on
HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)
2 0 0 0

448 149 1,109

10 1,512 917 3,667

25 3,956 2,754 6,838
50 6,641 4,868 11,356
100 10,275 7,590 15,778
200 14,970 11,157 21,467
500 22,993 17,259 31,124
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Table 46 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Grassy Run.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 224 74 554
5-10 0.100 980 533 2,388
10-25 0.060 2,734 1,835 5,253
25-50 0.020 5,298 3,811 9,097
50-100 0.010 8,458 6,229 13,567
100-200 0.005 12,622 9,373 18,622
200-500 0.003 18,982 14,208 26,295
500- 0.002 22,993 17,259 31,124
Stroum Powen, 0 (/i) | 6% a8 1,272
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5 - Caldwell Run

Watershed characteristics

Figure 13- Image of delineated Caldwell Run watershed.

Several relevant hydrologic parameters for the Caldwell Run watershed are provided below in Table 47.
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Table 47 - Watershed characteristics for Caldwell Run.

Parameter Value

Location Lat: 40.043708
Long: -80.711797

Region — USGS SIR2010-5033 Western Plateaus

Basin Area (miz) 1.46

Average basin elevation (ft) 1113

Average basin overland slope (%) 30.9

Maximum flow distance (ft) 9881

Slope along maximum flow distance (%) 5.7

Shape factor (basin length / basin width) 1.50

Sinuosity factor of stream (max. stream

length / basin length) 1.18
Runoff Curve Number 58.0
Time of Concentration (hr.) 1.092

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.

Table 48 — Soil type, land cover, and curve number characteristics for Caldwell Run.

Hydrologic Soil Land Cover Description CN Area (mi?)
Group

D Developed Low Intensity 84 0.02
D Developed Open Space 80 0.012
B Developed Low Intensity 68 0.087
D Deciduous Forest 77 0.012
D Developed Medium Intensity 85 0.008
B Deciduous Forest 55 1.107
B Developed Open Space 61 0.144
C Deciduous Forest 70 0.047
B Developed Medium Intensity 70 0.005
B Pasture/Hay 61 0

D Evergreen Forest 77 0.001
B Evergreen Forest 55 0.006
B Grassland/Herbaceous 58 0.008
D Grassland/Herbaceous 78 0.001
C Developed Low Intensity 79 0.001
C Developed Open Space 74 0.001
D Developed High Intensity 95 0.001

Weighted CN =58.0
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Flow synthesis

Stream Gage Data. In Table 49 below, characteristics of the stream gage stations in proximity to the
Caldwell Run project site are summarized, including period of record and data coverage within that

period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Caldwell Run, with a drainage area of only 1.45 mi?, is an ungauged stream. The nearest gauged stream,
Wheeling Creek at EIm Grove, gauges a watershed that is 281 mi® and only since 1940. Additionally,
none of the other gauged streams in the nearby area are well-suited for direct flow extrapolation to the
project site, due to excessive distance, significant differences in watershed drainage area, and data
availability periods that do not overlap with the time since construction. Therefore, flow synthesis at the
Caldwell Run site utilizes two methods: the applicable USGS peak flow regression equations, and
creation of a watershed model that utilizes probabilistic rainfall data.

Table 49 — Stream gage stations near Caldwell Run.

. . Drainage
Project / Stream USGS X Covg. Dist. Elev.
P Lat. L . . Al T
Gage Location Station ID eriod (%) at ong (mi.) (ft.) (r;?za) ype

Caldwell Run - 1924- - 40.0437 -80.712 - 753 1.46 -
Present

WHEELING CREEK 1940-

AT ELM GROVE, 03112000 100 40.044 -80.661 2.7 667.1 281 DD

2011

WV

short Creeknear | 3111500 | 1941 | 150 | 4019 80.73 | 102 | 676.1 | 123 DD

Dillonvale OH Present

Brush Run near 1960-

Buffalo, PA 03111150 1985 85 40.2 -80.41 19.3 | 954.2 10.3 DD

Rainfall Data. A summary of weather stations near the project location are provided in the table below,
including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,
and distance from the project site. Neither of the available weather stations are suitable for direct
integration into the Caldwell Run watershed model, Pike Island Lock and Dam because it is too far away,
and McMechen Dam because the period of record does not cover the entire time since the bridge at
Caldwell Run was constructed.
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Table 50 — Weather stations near Caldwell Run.

. . Period of | Coverage Elev. | Dist.
tation N tation ID Lat. Long.

Station Name Station Record (%) a ong (ft.) (mi.)
. USC00467018

P'k‘;:(;ag:n:“k USC00469484 Pislfr;t 99 40.147 | -80.701 | 640 | 7.2
USC00469492

39.9833
McMechen Dam | USC00465847 | 1933-1975 100 ; -80.7333 | 659 | 43

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 51.

Table 51 — Precipitation depth at Caldwell Run for a 24-hour duration

Development of flow rates at Caldwell Run for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 52), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 53), and a HEC-1 based watershed
model that incorporated 24-hour storm duration precipitation depths (see Table 54). Since calculation of
cumulative effective stream power requires characterization of flow rate as a function of time — and not
simply the peak flow rate associated with a storm event — the runoff hydrographs generated by the HEC-

storm, including 90% confidence interval.

Average s 90% Confidence Interval
Precipitation
Recurrence Depth (in.) Precip. Depth, Precip. Depth,
Interval (yr.) Lower (in.) Upper (in.)

2 241 2.25 2.60
5 2.95 2.75 3.17
10 3.39 3.15 3.64
25 4.00 3.71 4.29
50 4.50 4.17 4.82
100 5.03 4.63 5.37
200 5.57 5.11 5.94
500 6.33 5.77 6.74

1 analysis were utilized for this purpose.
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Table 52 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Caldwell Run watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 170 32.2 80 260
5 289 30.0 146 432
10 380 29.7 195 566
25 507 30.3 254 760
50 611 31.3 296 925
100 719 325 335 1103
200 833 33.9 369 1298
500 995 36.1 404 1586

Table 53 — Peak discharges derived from TR-55 watershed model of Caldwell Run

Return _ Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)
2 15 9 26
5 57 38 83
10 114 80 154
25 222 167 285
50 333 258 413
100 468 365 561
200 619 489 729
500 850 678 982

Table 54 — Peak discharges derived from HEC-1 watershed model of Caldwell Run.

Peak 90% Confidence Interval
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)

2 15 9 25
53 36 78
10 107 76 145
25 206 156 261
50 304 238 373
100 421 331 502
200 553 440 656
500 768 608 892
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Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Caldwell Run is shown in Figure 14, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 55. The result of HEC-RAS modeling at the site is a flow depth and velocity
rating curve, presented in Figure 15.

Figure 14- HEC-RAS X-Y-Z Perspective Plot for Caldwell Run.

Table 55 — Manning’s n-values utilized in HEC-RAS model for Caldwell Run.

Left Right
Overbank Channel Overbank
U/S of 0.09 0.1 0.09
Bridge
D/S of 0.09 0.1 0.02
Bridge
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Figure 15- Flow depth and velocity rating curve for Caldwell Run

Stream Power

Cumulative Effective Stream Power at the Caldwell Run project site incorporated HEC-1 generated flow
rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a variety
of return period storms are summarized in Table 56, including amounts associated with flow rates (and
corresponding flow velocities and depths) that were generated using the lower and upper 90%
confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power, which
accounts for the Cumulative Effective Stream Power associated with each return period storm and the
annual probability of each of these storms, is shown inTable 57.

Table 56 — Scour event Cumulative Effective Stream Power Q (approach flow) for Caldwell Run — based
on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)
2 0 0 0
7,849 6,011 12,802
10 24,130 18,432 35,586
25 63,749 47,920 87,822
50 110,757 83,736 150,773
100 175,550 130,742 228,473
200 257,850 192,299 326,532
500 401,395 298,260 495,220
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Table 57 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Caldwell Run.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 3,924 3,005 6,401
5-10 0.100 15,989 12,221 24,194
10-25 0.060 43,939 33,176 61,704
25-50 0.020 87,253 65,828 119,297
50-100 0.010 143,154 107,239 189,623
100-200 0.005 216,700 161,520 277,502
200-500 0.003 329,623 245,279 410,876
500- 0.002 401,395 298,260 495,220
Stroam Powen, 0 (/i) | 11464 8,643 15,935
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6 - Paden Fork

Watershed characteristics

Figure 16- Image of delineated Paden Fork watershed.

Several relevant hydrologic parameters for the Paden Fork watershed are provided below in Table 58.
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Table 58 - Watershed characteristics for Paden Fork.

Parameter

Value

Location

Lat: 39.592561
Long: -80.909456

Region — USGS SIR2010-5033

Western Plateaus

Basin Area (mi°) 1.01
Average basin elevation (ft) 1019
Average basin overland slope (%) 27.1
Maximum flow distance (ft) 9866
Slope along maximum flow distance (%) 4.9
Shape factor (basin length / basin width) 1.92
Sinuosity factor of stream (max. stream

length / basin length) 1.25
Runoff Curve Number 70.2
Time of Concentration (hr.) 0.835

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database

(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover

classification, corresponding Curve Number, and sub-element area.

Table 59 — Soil type, land cover, and curve number characteristics for Paden Fork.

Hydrologic Soil Land Cover Description CN Area (mi?)
Group
C Pasture/Hay 74 0.057
C Deciduous Forest 70 0.678
C Developed Open Space 74 0.023
C Evergreen Forest 70 0.003
C Grassland/Herbaceous 71 0.002
D Evergreen Forest 77 0.001
D Pasture/Hay 78 0.012
D Deciduous Forest 77 0.118
D Developed Open Space 80 0.016
B Deciduous Forest 55 0.041
B Developed Open Space 61 0.05
B Pasture/Hay 61 0.011
B Grassland/Herbaceous 58 0.002
Weighted CN = 70.2
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Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Paden Fork project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Paden Fork, with a drainage area of only 1.01 mi?, is an ungauged stream. The nearest gauged stream,
Train Run near Antioch, Ohio, gauges a watershed that is 5.45 mi*, which is an area that might be
reasonably extrapolated to synthesize stream gage data at the project site. However, the period of data
availability for the Trail Run stream gage station is only 1978-1987, less than one-quarter of the time
since the Paden Fork bridge was constructed. Therefore, flow synthesis at the Paden Fork project site
utilizes two methods: the applicable USGS peak flow regression equations, and creation of a watershed
model that utilizes probabilistic rainfall data.

Table 60 — Stream gage stations near Paden Fork.

. . Drainage
Project / Stream USGS X Covg. Dist. Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) (Ar:::za) Type
Paden Fork - 1973- - 39.5926 -80.909 - 803 1.01 -
Present
Trail Run near 1978-
Antioch OH 03115280 1987 100 39.625 -81.048 7.7 727 5.45 AP

Rainfall Data. A summary of weather stations near the project location are provided in the table below,
including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,
and distance from the project site. When considering distance and the range of dates during which data
was collected at the weather stations, neither is suitable for direct watershed model integration.

Table 61 — Weather stations near Paden Fork.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Hannibal Lock | ;¢ 50333500 1975 99 39.666 | -80.866 | 620 | 5.6

and Dam Present

New USC00466467 | 1892-1975 97 39.6833 | -80.85 | 702 | 7.0
Martinsville 4N

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 62.
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Table 62 — Precipitation depth at Paden Fork for a 24-hour duration storm, including 90% confidence

interval.
Average o 90% Confidence Interval
Precipitation
Recurrence Depth (in.) Precip. Depth, Precip. Depth,
Interval (yr.) Lower (in.) Upper (in.)

2 2.53 2.33 2.76
5 3.07 2.83 3.36
10 3.52 3.23 3.84
25 4.15 3.79 4.52
50 4.66 4.25 5.07
100 5.19 4.72 5.64
200 5.75 5.20 6.24
500 6.53 5.86 7.08

Development of flow rates at Paden Fork for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 63), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 64), and a HEC-1 based watershed
model that incorporated 24-hour storm duration precipitation depths (see Table 65). Since calculation of
cumulative effective stream power requires characterization of flow rate as a function of time —and not
simply the peak flow rate associated with a storm event — the runoff hydrographs generated by the HEC-
1 analysis were utilized for this purpose. Table 63 — USGS SIR-2010-5033 derived peak discharges,
average prediction error, and corresponding 90% confidence interval for the Paden Fork watershed.

Return . Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 130 32.2 61 199

5 223 30.0 113 332
10 294 29.7 150 438
25 394 30.3 197 590
50 475 31.3 231 720
100 561 325 261 861
200 651 33.9 288 1015
500 780 36.1 317 1243
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Table 64 — Peak discharges derived from TR-55 watershed model of Paden Fork.

Return . Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 139 104 185

5 252 199 321
10 360 289 443
25 527 430 631
50 671 555 791
100 827 688 963
200 997 830 1149
500 1240 1030 1415

Table 65 — Peak discharges derived from HEC-1 watershed model of Paden Fork.

90% Confidence Interval
Peak
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)
2 129 97 170
230 183 292
10 328 264 402
25 477 390 570
50 606 502 714
100 746 622 869
200 900 749 1038
500 1121 931 1281

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Paden Fork is shown in Figure 17, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 66. The result of HEC-RAS modeling at the site is a flow depth and velocity

rating curve, presented in Figure 18.
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Figure 17- HEC-RAS X-Y-Z Perspective Plot for Paden Fork.

Table 66 — Manning’s n-values utilized in HEC-RAS model for Paden Fork.

Left Right
Overbank Channel Overbank
u/s of
Bridge 0.1 0.08 0.1
D/S of
Bridge 0.1 0.08 0.1

49




[EnY
N

g 10 - Velocity = 1.2152Q02763 .
= 2 _
> R?=0.9567 -
S 8 -
o)
g
s 6 |
5 * Velocity
©
H}:_’ " -, Depth = 0.3729Q04312 = Depth
= of _
S 24" R2 = 0.9996
a

0 : .

0 500 1000 1500

Discharge (cfs)

Figure 18- Flow depth and velocity rating curve for Paden Fork.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 67, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 68.

Table 67 — Scour event Cumulative Effective Stream Power Q (approach flow) for Paden Fork — based on
HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream

Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)

2 0 0 0
5 12,860 12,570 35,866
10 28,780 27,464 51,942
25 57,792 54,381 96,758
50 82,800 78,369 126,404
100 109,535 103,633 159,160
200 138,317 130,003 194,888
500 180,856 168,767 258,512
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Table 68 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Paden Fork.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 6,430 6,285 17,933
5-10 0.100 20,820 20,017 43,904
10-25 0.060 43,286 40,922 74,350
25-50 0.020 70,296 66,375 111,581
50-100 0.010 96,167 91,001 142,782
100-200 0.005 123,926 116,818 177,024
200-500 0.003 159,586 149,385 226,700
500- 0.002 180,856 168,767 258,512
Stroam Powen, 0 (/i) | 10436 9,950 19,973
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7 - Audra Park

Watershed characteristics

Figure 19- Image of delineated Audra Park watershed.

Although it was stream gauge data — and not watershed characteristics — that were utilized to define the
flood frequency parameters at Audra Park, the same hydrologic parameters as have been summarized
for other project sites are presented in

Table 69 for purposes of comparison. When generating a runoff hydrograph for purposes of scaling it
against the PeakFQ generated peak flow rates, multiple sub-basins were created. Additional details
about these sub-basins can be found in the digital watershed model files for this location.
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Table 69 - Watershed characteristics for Audra Park.

Parameter Value
Location Lat: 39.041258
Long: -80.067811
Region — USGS SIR2010-5033 Central Mountains
Basin Area (mi°) 149.3
Average basin elevation (ft) 2497
Average basin overland slope (%) 23.1
Maximum flow distance (ft) 217,934
Slope along maximum flow distance (%) 1.0
Shape factor (basin length / basin width) 4.78
Sinuosity factor of stream (max. stream
length / basin length) 1.47
Runoff Curve Number 69.6

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Audra Park project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Middle Fork River is a gauged stream, with a stream gauge location approximately 0.2 miles
upstream from the Audra Park bridge site. Data at the stream gauge is available since 1942, with an
overall coverage of approximately 88% during that period. The USGS flood frequency analysis software
PKFQWin (USGS, Estimating Magnitude and Frequency of Floods Using the PeakFQ Program, 2006) was
used to generate a probabilistic characterization of expected flow rates at the Audra Park project site
location for various recurrence interval floods. From the 61 annual flow peaks of available data included
in the analysis, and up-scaling the resulting flow rates by 0.9% to account for the additional drainage
area at the project site compared to the stream gauge location, the resulting output is presented in
Table 71.
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Table 70 — Stream gage stations near Audra Park.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.

Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ::‘?za) Type
Audra Park, 1940-
Middle Fork River - Present - 39.0413 -80.068 - 1686 149.30 -
MIDDLE FORK 1942-
RIVER AT AUDRA, 03052000 88 39.039 -80.068 0.2 1669 148 DD

Present

WV
BUCKHANNON 1915-
RIVER AT HALL, 03053500 100 39.051 -80.115 2.6 1369 277 DD
WV Present

Table 71 - Flood frequency analysis for the Middle Fork River at Audra Park.

Rainfall Data. For reference purposes, a summary of weather stations near the project location are

Recurrence | Discharge 95% Confidence Interval
Interval (yr) (ft*/s) Lower Upper
2 6035 5547 6564
5 8495 7719 9394
10 10239 9140 11510
25 12601 10950 14423
50 14483 12301 16765
100 16474 13682 19247
200 18596 15093 21869
500 21649 17015 25612

provided in Table 72, including Station ID, Period of Record, data coverage during the Period of Record,

location, elevation, and distance from the project site. When considering distance and the range of

dates during which data was collected at the weather stations, neither Belington nor Philippi is suitable

for direct watershed model integration.

Table 72 — Weather stations near Audra Park.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
. 1938-
Belington USC00460633 96 39.023 -79.933 | 1769 7.3
Present
Philippi USC00466982 | 1896-2010 94 39.146 -80.041 | 1300 7.4
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Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 73.

Table 73 — Precipitation depth at Audra Park for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation : :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in)
2 2.60 2.40 2.81
5 3.15 2.91 3.42
10 3.61 3.33 3.91
25 4.25 3.91 4.60
50 4.78 4.37 5.15
100 5.33 4.85 5.73
200 5.90 5.36 6.33
500 6.71 6.05 7.19

For purposes of comparison to the USGS PKFQWin derived flood frequency analysis presented in Table
73, the regression methods outlined in USGS SIR-2010-5033 were utilized to estimate flood-frequency
discharge relationships for the Audra Park watershed. Peak flow rates, and corresponding average
prediction error based on the underlying hydrologic data and statistical methods utilized, are identified
in Table 74. Note that the baseline peak discharge flow rates are comparable between the two
approaches, but the 95% confidence interval associated with the PKFQWin-derived flood frequency
analysis is much narrower in range in comparison to the USGS regression approach, due to the long
period of data availability very near the exact location of interest.

Table 74 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Audra Park watershed.

Return Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 5487 34.2 2400 8574
5 7972 35.1 3369 12575
10 9803 37.4 3772 15834
25 12244 41.2 3946 20542
50 14205 444 3830 24579
100 16294 47.9 3455 29133
200 18382 51.5 2809 33954
500 21375 56.3 1579 41171
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Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Audra Park is shown in Figure 20, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in

Table 75. The result of HEC-RAS modeling at the site is a flow depth and velocity rating curve, presented
in Figure 21.

Figure 20- HEC-RAS X-Y-Z Perspective Plot for Audra Park.

Table 75 — Manning’s n-values utilized in HEC-RAS model for Audra Park.

Left Right
Overbank Channel Overbank
U/S of 0.12 0.11 0.12
Bridge
D/.S of 0.12 0.11 0.12
Bridge
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Figure 21- Flow depth and velocity rating curve for Audra Park.

Stream Power

Cumulative Effective Stream Power at the Audra Park project site incorporated PeakFQ generated peak
flow rates and a runoff hydrograph shape that was determined through HEC-1 modeling. Amounts of
Cumulative Effective Stream Power associated with a variety of return period storms are summarized in
Table 76 (approach flow) and Table 77 (at pier), including amounts associated with flow rates (and
corresponding flow velocities and depths) that were generated using the lower and upper 90%
confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power, which
accounts for the Cumulative Effective Stream Power associated with each return period storm and the

annual probability of each of these storms, is shown in Table 78 and Table 79.

Table 76 — Scour event Cumulative Effective Stream Power Q (approach flow) for Audra Park — based on

PeakFQ generated flow rates and HEC-1 generated hydrograph shape.

Return Effg;:/ilas?:eeam 95% Confidence Interval

Period (yr) Power, Q Lower Upper
(ft-Ib/ft?) (ft-Ib/ft?) (ft-Ib/ft)

0 0 0

5 214,814 173,585 280,132
10 503,293 382,988 672,588
25 1,032,243 736,295 1,423,248
50 1,567,970 1,062,098 2,217,385
100 2,269,357 1,428,912 3,299,200
200 3,127,872 1,915,862 4,458,842
500 4,534,220 2,577,870 6,764,278
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Table 77 — Scour event Cumulative Effective Stream Power Q (pier) for Audra Park — based on PeakFQ

generated flow rates and HEC-1 generated hydrograph shape.

Return Effgg'cr:/léla;?:eeam 95% Confidence Interval

Period (yr) Power, Q Lower Upper

(ft-Ib/ft’) (ft-lo/ft?) (ft-Ib/ft?)

2 0 0 0

5 620,814 501,660 809,583
10 1,454,517 1,106,835 1,943,781
25 2,983,183 2,127,892 4,113,188
50 4,531,434 3,069,463 6,408,244
100 6,558,441 4,129,555 9,534,688
200 9,039,549 5,536,842 12,886,054
500 13,103,896 7,450,044 19,548,765

Table 78 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Audra Park.

Increment Interval Cumulative Effective Stream Power, Q
(F:Z::;rg A size (ft-Ib/ft)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 107,407 86,792 140,066
5-10 0.100 359,054 278,286 476,360
10-25 0.060 767,768 559,641 1,047,918
25-50 0.020 1,300,107 899,196 1,820,317
50-100 0.010 1,918,664 1,245,505 2,758,293
100-200 0.005 2,698,614 1,672,387 3,879,021
200-500 0.003 3,831,046 2,246,866 5,611,560
500 0.002 4,534,220 2,577,870 6,764,278
Avg. ﬁ?,cvﬁ' (C)ugl: lf)f/m;tf;ream 193 437 138,142 266,279
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Table 79 — Average Annual Cumulative Effective Stream Power Q (pier) at Audra Park.

Increment Interval Cumulative Effective Stream Power, Q
(;z:;rg A size (ft-1b/ft?)
range) Baseline Value 90% Lower 90% Upper
2-5 0.300 310,407 250,830 404,791
5-10 0.100 1,037,665 804,247 1,376,682
10-25 0.060 2,218,850 1,617,364 3,028,484
25-50 0.020 3,757,309 2,598,678 5,260,716
50-100 0.010 5,544,938 3,599,509 7,971,466
100-200 0.005 7,798,995 4,833,198 11,210,371
200-500 0.003 11,071,722 6,493,443 16,217,410
500 0.002 13,103,896 7,450,044 19,548,765
Ave. ﬁg:lueil gu(?::lf)%f)t :ream 559,033 399,231 769,545

59



8 - Laurel Fork

Watershed characteristics

Figure 22- Image of delineated Laurel Fork watershed.

Several relevant hydrologic parameters for the Laurel Fork watershed are provided below in Table 80.
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Table 80 - Watershed characteristics for Laurel Fork.

Parameter

Value

Location

Lat: 38.875336
Long: -80.264339

Region — USGS SIR2010-5033

Central Mountains

Basin Area (mi°) 11.74
Average basin elevation (ft) 1949
Average basin overland slope (%) 25.2
Maximum flow distance (ft) 37,714
Slope along maximum flow distance (%) 2.3
Shape factor (basin length / basin width) 1.97
Sinuosity factor of stream (max. stream

length / basin length) 1.46
Runoff Curve Number 70.1
Time of Concentration (hr.) 2.574

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover

classification, corresponding Curve Number, and sub-element area.

Table 81 — Soil type, land cover, and curve number characteristics for Laurel Fork.

Hydrologic Soil Land Cover Description CN Area (mi’)
Group
C Pasture/Hay 74 0.393
C Developed Open Space 74 0.629
C Deciduous Forest 70 9.654
C Cultivated Crops 82 0.294
D Pasture/Hay 78 0.003
D Deciduous Forest 77 0.013
D Developed Open Space 80 0.002
B Deciduous Forest 55 0.46
C Barren Land 91 0.032
B Developed Open Space 61 0.037
B Pasture/Hay 61 0.043
B Cultivated Crops 75 0.054
C Mixed Forest 70 0.094
C Evergreen Forest 70 0.035
B Mixed Forest 55 0.01
B Evergreen Forest 55 0.002
B Barren Land 86 0.002
Weighted CN =70.1
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Flow synthesis

Stream Gage Data. In Table 82, characteristics of the stream gage stations in proximity to the Laurel Fork

project site are summarized, including period of record and data coverage within that period, location,
distance from the project area, elevation, drainage area upstream of the gage, and whether the
available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Laurel Fork stream is ungauged. The nearest gauged stream, Mud Lick Run near Buckhannon, West
Virginia, gauges a watershed that is nine miles away from the project site, approximately one-fifth the
size, and for which only 51% data availability exists since the gauge has been in operation. To
extrapolate gage data results to the characteristics of the Laurel Fork watershed, the flow rates from the
Mud Lick Run stream gage have been scaled-up by a factor of 5.04. Since there is not a strict linear
relationship between watershed area and runoff flows, this approach provides, at best, resulting data
that is usable only for reference. In view of this, the PKFQWin flood frequency analysis results
presented in Table 82 are presented only for purposes of comparison, and are not utilized in subsequent
hydraulic calculations. Primary flow synthesis at the Laurel Fork site utilizes two methods, the results of
which are presented hereafter: the applicable USGS peak flow regression equations, and creation of a
watershed model that utilizes probabilistic rainfall data.

Table 82 — Stream gage stations near Laurel Fork.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ?n:eza) Type
Laurel Fork - 2004- - 38.8753 -80.264 - 1433 11.74 -
Present
WEST FORK RIVER
AT 1984-
WALKERSVILLE, 03057300 1992 100 38.869 -80.458 10.4 1070 28.8 DD
WV
MUD LICK RUN NR 1966-
BUCKHANNON, 03052340 51 39.005 -80.256 9.0 1408 2.33 AP
WV 2011
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Table 83 — Flood frequency analysis for Laurel Fork (presented for purposes of comparison — not utilized
in hydraulic calculations).

Recurrence | Discharge 95% Confidence Interval
Interval (yr) (ft*/s) Lower Upper
2 752 649 870
5 1099 932 1312
10 1371 1121 1687
25 1777 1366 2255
50 2136 1556 2751
100 2553 1754 3312
200 3044 1961 3948
500 3839 2251 4918

Rainfall Data. A summary of weather stations near the project location are provided in the table below,
including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,
and distance from the project site. The Rock Cave 2 weather station is close enough to the Laurel Fork
project site that its precipitation data may be justifiably integrated into a watershed model for flow
synthesis. However, to maintain uniformity with the majority of the other project sites where such data
is not available, probabilistic characterizations of precipitation at the project site are utilized instead.
Future research investigations into direct weather station data integration, and the relative benefits in

improved model accuracy, may be justified.

Table 84 — Weather stations near Laurel Fork.

. . Period of | Coverage Elev. | Dist.
tat N tat ID Lat. L .

Station Name Station Record (%) a ong (ft.) (mi.)
1888-

Buckhannon USC00461220 89 38.98 -80.22 1455 7.6
Present
1953-

Rock Cave 2 USC00467649 33 38.856 -80.307 1749 2.7
Present

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 85.
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Table 85 — Precipitation depth at Laurel Fork for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.64 2.45 2.87
5 3.20 2.97 3.47
10 3.66 3.39 3.96
25 4.29 3.96 4.64
50 4.81 4.43 5.18
100 5.35 491 5.75
200 5.91 5.40 6.34
500 6.69 6.08 7.16

Development of flow rates at Laurel Fork for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 86), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 87), and a HEC-1 based watershed
model that incorporated 24-hour storm duration precipitation depths (see Table 88). Since calculation of
cumulative effective stream power requires characterization of flow rate as a function of time —and not
simply the peak flow rate associated with a storm event — the runoff hydrographs generated by the HEC-
1 analysis were utilized for this purpose.

Table 86 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Laurel Fork watershed.

Return . Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 596 34.2 261 931

5 930 35.1 393 1466
10 1185 374 456 1913
25 1537 41.2 495 2579
50 1825 44.4 492 3157
100 2131 47.9 452 3809
200 2447 51.5 374 4519
500 2904 56.3 214 5593

64



Table 87 — Peak discharges derived from TR-55 watershed model of Laurel Fork.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 887 698 1136

5 1528 1251 1874
10 2130 1770 2551
25 3035 2551 3570
50 3836 3247 4429
100 4706 3994 5372
200 5643 4789 6381
500 6992 5933 7825

Table 88 — Peak discharges derived from HEC-1 watershed model of Laurel Fork.

Return ' Peak 90% Confidence Interval
Period (yr) ischaree, Q, Lower (cfs) | Q, U (cfs)
Q (cfs) , pper (cfs

2 963 760 1234

1647 1354 2015

10 2281 1904 2746

25 3273 2746 3861

50 4155 3516 4808

100 5114 4328 5860

200 6156 5204 6936

500 7602 6450 8539

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Laurel Fork is shown in Figure 23, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 89. The result of HEC-RAS modeling at the site is a flow depth and velocity

rating curve, presented in Figure 24.
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Figure 23- HEC-RAS X-Y-Z Perspective Plot for Laurel Fork.

e

Table 89 — Manning’s n-values utilized in HEC-RAS model for Laurel Fork.

Left Right
Overbank Channel Overbank
U/S of 0.08 0.04 0.08
Bridge
D/S of
Bridge 0.1 0.04 0.1
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Figure 24- Flow depth and velocity rating curve for Laurel Fork.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 90, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 91.

Table 90 — Scour event Cumulative Effective Stream Power Q (approach flow) for Laurel Fork — based on
HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lb/ft?) (ft-Ib/ft") (ft-1b/ft")
0 0 0

5 6,111 5,493 11,370
10 15,218 13,466 24,801
25 31,092 27,348 46,623
50 47,247 41,472 65,973
100 65,518 57,565 88,337
200 86,441 75,216 114,459
500 118,042 102,775 152,398
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Table 91 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Laurel Fork

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 3,056 2,746 5,685
5-10 0.100 10,664 9,479 18,085
10-25 0.060 23,155 20,407 35,712
25-50 0.020 39,170 34,410 56,298
50-100 0.010 56,383 49,518 77,155
100-200 0.005 75,980 66,390 101,398
200-500 0.003 102,241 88,996 133,428
500- 0.002 118,042 102,775 152,398
Stroam Powen, 0 (0fi: | 55 4984 8766
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9 - Roaring Creek

Watershed characteristics

Figure 25- Image of delineated Roaring Creek watershed.

Several relevant hydrologic parameters for the Roaring Creek watershed are provided below in Table 92.
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Table 92 - Watershed characteristics for Roaring Creek.

Parameter

Value

Location

Lat: 38.846847
Long: -79.422161

Region — USGS SIR2010-5033

Eastern Panhandle

Basin Area (mi°) 14.01
Average basin elevation (ft) 3426
Average basin overland slope (%) 35.6
Maximum flow distance (ft) 43,941
Slope along maximum flow distance (%) 6.9
Shape factor (basin length / basin width) 2.58
Sinuosity factor of stream (max. stream

length / basin length) 1.34
Runoff Curve Number 67.1
Time of Concentration (hr.) 2.636

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.
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Table 93 — Soil type, land cover, and curve number characteristics for Roaring Creek.

Hydrologic Soil Land Cover Description CN Area (miz)
Group

C Evergreen Forest 70 1.287
C Deciduous Forest 70 9.311
C Mixed Forest 70 0.203
B Evergreen Forest 55 0.094
B Deciduous Forest 55 2.257
D Evergreen Forest 77 0.063
D Mixed Forest 77 0.013
B Mixed Forest 55 0.009
D Deciduous Forest 77 0.144
C Barren Land 91 0.024
C Developed Open Space 74 0.052
D Developed Open Space 80 0.002
D Developed Low Intensity 84 0.002
C Pasture/Hay 74 0.195
B Pasture/Hay 61 0.1

B Developed Open Space 61 0.079
A Developed Open Space 39 0.063
A Pasture/Hay 39 0.004
A Developed Low Intensity 51 0.006
A Deciduous Forest 30 0.1

Weighted CN =67.1

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Roaring Creek project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Roaring Creek is an ungauged stream, with an upstream contributing area of 14.01 mi®>. The nearest
gauged stream, Job Run near Wymer, West Virginia, is nearly 10 miles away from the project site,
gauges a watershed that is only 1.08 mi?, and has data for only a fraction of the 82 years since the
Roaring Creek bridge was constructed. Other stream gauges in the relative proximity of the project site
are likewise ill-suited to direct flow extrapolation to Roaring Creek, due to significant variations in
drainage area, limited data availability, and significant distance. Therefore, flow synthesis at the Paden
Fork project site utilizes two methods: the applicable USGS peak flow regression equations, and creation
of a watershed model that utilizes probabilistic rainfall data.
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Table 94 — Stream gage stations near Roaring Creek.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.
P Lat. Long. A T
Gage Location Station ID eriod (%) a ong (mi.) (ft.) (':‘?za) ype

. 1930-

Roaring Creek - - 38.8468 -79.422 - 1755 14.01 -
Present

JOB RUN NEAR 1965-
WYMER, WV 03063950 1976 100 38.882 -79.596 9.7 2825 1.08 AP
BRUSHY RUN NR 1965-
PETERSBURG, WV 01606800 1976 100 38.806 -79.214 11.6 1600 1.43 AP
REEDS CREEK 1965-
TRIBUTARY NEAR 01605700 1977 100 38.696 -79.388 10.6 3159 0.45 AP
FRANKLIN, WV
N F SOUTH
BRANCH 1940-
POTOMAC RIVER 01606000 Present 53 38.985 -79.236 13.8 1045 335 DD
AT CABINS, WV
SOUTH BRANCH
POTOMAC RIVER 01606500 1928- 100 38.991 -79.176 16.6 968 676 DD
NEAR Present
PETERSBURG, WV

Rainfall Data. A summary of weather stations near the project location are provided in the table below,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. Neither of the two available sites is close enough to the Roaring

Creek watershed to merit direct inclusion into the Roaring Creek watershed model.

Table 95 — Weather stations near Roaring Creek.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Alpena USC00460143 | 1929-1973 81 38.916 -79.666 | 3022 14.0
. . 1926-
Elkins Airport USw00013729 99 38.885 -79.852 | 1979 23.3
Present

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 96.
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Table 96 — Precipitation depth at Roaring Creek for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.56 2.31 2.88
5 3.20 2.88 3.61
10 3.77 3.37 4.26
25 4.64 4.10 5.25
50 5.42 4.72 6.14
100 6.29 5.40 7.18
200 7.29 6.13 8.37
500 8.83 7.22 10.20

Development of flow rates at Roaring Creek for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 97), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 98), and a HEC-1 based watershed
model that incorporated 24-hour storm duration precipitation depths (see Table 99). Since calculation of
cumulative effective stream power requires characterization of flow rate as a function of time —and not
simply the peak flow rate associated with a storm event — the runoff hydrographs generated by the HEC-
1 analysis were utilized for this purpose.

Table 97 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Roaring Creek watershed.

Return Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 538 334 242 833

5 959 27.2 530 1388
10 1339 24.5 799 1878
25 1913 22.4 1208 2618
50 2408 21.7 1548 3267
100 2933 21.7 1886 3980
200 3524 22.4 2226 4823
500 4374 23.8 2661 6086
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Table 98 — Peak discharges derived from TR-55 watershed model of Roaring Creek.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 667 447 1002
5 1388 1002 1943
10 2175 1610 2933
25 3561 2678 4628
50 4937 3697 6287
100 6576 4900 8338
200 8560 6268 10789
500 11760 8418 14710

Table 99 — Peak discharges derived from HEC-1 watershed model of Roaring Creek.

R Peak 90% Confidence Interval

eturn .

. Discharge,

Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)

652 446 963

5 1324 963 1845
10 2064 1533 2778
25 3371 2538 4379
50 4671 3500 5964
100 6243 4636 7948
200 8164 5945 10325
500 11265 8027 14121

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Roaring Creek is shown in Figure 26, the
underlying geometry for which is based on a field survey that was performed at the site. Manning’s n-
values for the site are summarized in Table 100. The result of HEC-RAS modeling at the site is a flow

depth and velocity rating curve, presented in Figure 27.

74



Figure 26- HEC-RAS X-Y-Z Perspective Plot for Roaring Creek.

Table 100 — Manning’s n-values utilized in HEC-RAS model for Roaring Creek.

Left Right
Overbank Channel Overbank
U/.S of 0.04 0.14 0.04
Bridge
D/S of 0.06 0.14 0.06
Bridge
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Figure 27- Flow depth and velocity rating curve for Roaring Creek.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 101 (approach flow) and Table 102 (at pier),
including amounts associated with flow rates (and corresponding flow velocities and depths) that were
generated using the lower and upper 90% confidence interval precipitation depths. The Average Annual
Cumulative Effective Stream Power, which accounts for the Cumulative Effective Stream Power
associated with each return period storm and the annual probability of each of these storms, is shown in
Table 103 and Table 104.

Table 101 — Scour event Cumulative Effective Stream Power Q (approach flow) for Roaring Creek — based
on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lb/ft?) (ft-Ib/ft%) (ft-Ib/ft”)
2 0 0 0

158,711 113,333 321,198

10 459,252 327,050 769,860
25 1,162,607 826,226 1,800,108
50 2,017,911 1,407,521 2,772,855
100 2,865,683 2,191,940 3,594,336
200 3,580,674 2,981,120 4,349,718
500 4,526,428 3,826,631 5,549,549
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Table 102 — Scour event Cumulative Effective Stream Power Q (pier) for Roaring Creek — based on HEC-1

generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lb/ft?) (ft-Ib/ft%) (ft-Ib/ft”)
0 0 0

458,674 327,532 928,263
10 1,327,238 945,175 2,224,894
25 3,359,933 2,387,793 5,202,311
50 5,831,764 4,067,735 8,013,551
100 8,281,824 6,334,706 10,387,632
200 10,348,148 8,615,438 12,570,686
500 13,081,377 11,058,964 16,038,198

Table 103 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Roaring Creek.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 79,355 56,666 160,599
5-10 0.100 308,981 220,192 545,529
10-25 0.060 810,929 576,638 1,284,984
25-50 0.020 1,590,259 1,116,873 2,286,481
50-100 0.010 2,441,797 1,799,730 3,183,596
100-200 0.005 3,223,179 2,586,530 3,972,027
200-500 0.003 4,053,551 3,403,876 4,949,634
500- 0.002 4,526,428 3,826,631 5,549,549
prmmen 1 s | e | s
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Table 104 — Average Annual Cumulative Effective Stream Power Q (pier) at Roaring Creek.

Increment Interval Cumulative Effective Stream Power, (ft-lb/ftz)
(return period A size
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 229,337 163,766 464,132
5-10 0.100 892,956 636,353 1,576,579
10-25 0.060 2,343,586 1,666,484 3,713,603
25-50 0.020 4,595,849 3,227,764 6,607,931
50-100 0.010 7,056,794 5,201,220 9,200,592
100-200 0.005 9,314,986 7,475,072 11,479,159
200-500 0.003 11,714,762 9,837,201 14,304,442
500- 0.002 13,081,377 11,058,964 16,038,198
Strﬁ‘a’i /;ECV‘;' (C)“(r;'_lf)‘;ff'tz): 569,079 418,327 876,264
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10 - Beverly

Watershed characteristics

Figure 28- Image of delineated Beverly watershed.

Several relevant hydrologic parameters for the Beverly watershed are provided below in Table 105.
Since stream gage data, and not watershed modeling, was utilized to characterize flow conditions at the
Beverly project site, land cover and soil type analysis reports are not provided herein. When generating
a runoff hydrograph for purposes of scaling it against the PeakFQ generated peak flow rates, multiple
sub-basins were created. Additional details about these sub-basins can be found in the digital

watershed model files for this location.
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Table 105 - Watershed characteristics for Beverly.

Parameter

Value

Location

Lat: 38.842372
Long: -79.876425

Region — USGS SIR2010-5033

Central Mountains

Basin Area (mi°) 219.0
Average basin elevation (ft) 2800
Average basin overland slope (%) 28.8
Maximum flow distance (ft) 225,857
Slope along maximum flow distance (%) 1.2
Shape factor (basin length / basin width) 3.62
Sinuosity factor of stream (max. stream 1.43

length / basin length)

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Beverly project site are summarized, including period of record and data coverage within that period,
location, distance from the project area, elevation, drainage area upstream of the gage, and whether
the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Tygart Valley River is a gauged stream, with stream gauges being found both upstream and
downstream of the project site, and with substantial data coverage at each site. Stream gauge data was
obtained from USGS and PKFQWin analysis was performed at each stream gauge site, and the resulting
flood frequency analysis results were interpolated between to yield the flood frequency analysis
presented in Table 107.
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Table 106 — Stream gage stations near Beverly.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.

Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ::‘?za) Type
Beverly, Tygart - 1995- - | 388424 | 79876 | - | 1941 | 21900 | -
Valley River Present
TYGART VALLEY 1915-

RIVER NEAR 03050000 2011 88 38.809 -79.882 2.3 1940 185 DD
DAILEY, WV

TYGART VALLEY 1944-

RIVER NEAR 03050500 2004 100 38.924 -79.879 5.6 1895 271 DD
ELKINS, WV

Table 107 - Flood frequency analysis for the Tygart Valley River at the Beverly project location

Rainfall Data. A summary of weather stations near the project location are provided in Table 108,

R’T;lt.lg:s;ce Discf;arge 95% Confidence Interval

(vr) (ft'/s) Lower Upper
2 7046 6565 7556
5 9725 8978 10564
10 11681 10615 12872
25 14386 12745 16125
50 16589 14397 18793
100 18966 16111 21677
200 21553 17894 24795
500 25337 20387 29333

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. Since stream gage data are utilized for flow characterization at

Beverly, it is not necessary to utilize characterizations of precipitation for purposes of watershed
modeling. However, such data is provided for reference purposes.

Table 108 — Weather stations near Beverly.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
. . 1926-
Elkins Airport Uswo00013729 99 38.885 -79.852 | 1979 3.2
Present
1938-
Valley Head USC00469086 96 38.545 -80.036 | 2425 22.3
Present
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Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 109.

Table 109 — Precipitation depth at Beverly for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation : :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in)
2 2.59 2.40 2.81
5 3.15 2.91 3.42
10 3.62 3.33 3.92
25 4.27 3.92 4.63
50 4.81 4.39 5.22
100 5.38 4.88 5.84
200 5.98 5.39 6.49
500 6.82 6.08 7.43

Development of flow rates for a variety of return period storms utilized three methods: USGS-provided
regional regression equations, a TR-55 based watershed model that incorporated 24-hour storm
duration precipitation depths, and a HEC-1 based watershed model that incorporated 24-hour storm
duration precipitation depths. Since calculation of cumulative effective stream power requires
characterization of flow rate as a function of time — and not simply the peak flow rate associated with a
storm event — the runoff hydrographs generated by the HEC-1 analysis were utilized for this purpose.

Table 110 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Beverly watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 7667 34.2 3353 11980
5 11020 35.1 4657 17382
10 13478 37.4 5186 21770
25 16738 41.2 5394 28082
50 19351 44 .4 5218 33485
100 22138 47.9 4694 39582
200 24908 51.5 3807 46009
500 28875 56.3 2133 55618

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Beverly is shown in Figure 29, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
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Figure 29- HEC-RAS X-Y-Z Perspective Plot for Beverly.

site are summarized in Table 111. The result of HEC-RAS modeling at the site is a flow depth and velocity
rating curve, presented in Figure 30.

Table 111 — Manning’s n-values utilized in HEC-RAS model for Beverly.

Left Right
Overbank Channel Overbank
U/S of 0.06 0.05 0.11
Bridge
D/S of 0.06 0.05 0.11
Bridge
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Figure 30- Flow depth and velocity rating curve for Beverly.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated PeakFQ

generated peak flow rates and a runoff hydrograph shape that was determined through HEC-1

modeling. Amounts of Cumulative Effective Stream Power associated with a variety of return period

storms are summarized in Table 112 (approach flow) and Table 113 (at pier), including amounts

associated with flow rates (and corresponding flow velocities and depths) that were generated using the

lower and upper 90% confidence interval precipitation depths. The Average Annual Cumulative Effective

Stream Power, which accounts for the Cumulative Effective Stream Power associated with each return

period storm and the annual probability of each of these storms, is shown in Table 114 and Table 115.

Table 112 — Scour event Cumulative Effective Stream Power Q (approach flow) for Beverly — based on

PeakFQ generated flow rates and HEC-1 generated hydrograph shape.

Return Effg;:/ilas?:eeam 95% Confidence Interval
Period (yr) Power, Q Lower Upper
(ft-Ib/ft?) (ft-Ib/ft?) (ft-Ib/ft)
0 0 0
5 102,205 90,678 119,030
10 228,155 191,527 268,684
25 437,149 350,776 535,824
50 630,897 489,078 778,422
100 861,897 649,109 1,084,581
200 1,147,452 823,074 1,441,704
500 1,598,898 1,088,867 1,988,779
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Table 113 — Scour event Cumulative Effective Stream Power Q (pier) for Beverly — based on PeakFQ

generated flow rates and HEC-1 generated hydrograph shape.

Return Effzz,::/léla;l:eeam 95% Confidence Interval

Period (yr) Power, Q Lower Upper
(ft-Ib/ft’) (ft-lo/ft?) (ft-Ib/ft?)

2 0 0 0

5 295,372 262,060 343,996
10 659,367 553,513 776,498
25 1,263,360 1,013,744 1,548,532
50 1,823,293 1,413,437 2,249,639
100 2,490,882 1,875,926 3,134,440
200 3,316,137 2,378,684 4,166,525
500 4,620,815 3,146,826 5,747,571

Table 114 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Beverly.

Increment Interval Cumulative Effective Stream Power, Q
(F:Z::;rg A size (ft-Ib/ft)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 51,102 45,339 59,515
5-10 0.100 165,180 141,103 193,857
10-25 0.060 332,652 271,152 402,254
25-50 0.020 534,023 419,927 657,123
50-100 0.010 746,397 569,094 931,501
100-200 0.005 1,004,674 736,092 1,263,143
200-500 0.003 1,373,175 955,971 1,715,242
500 0.002 1,598,898 1,088,867 1,988,779
Ave. ﬁg;‘v‘z' (C)”(rf:: lEf/';tf)t:ream 82,293 66,797 99,272
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Table 115 — Average Annual Cumulative Effective Stream Power Q (pier) at Beverly.

Increment Interval Cumulative Effective Stream Power, Q
(;z:;rg A size (ft-1b/ft?)
range) Baseline Value 90% Lower 90% Upper
2-5 0.300 147,686 131,030 171,998
5-10 0.100 477,369 407,787 560,247
10-25 0.060 961,363 783,629 1,162,515
25-50 0.020 1,543,326 1,213,590 1,899,085
50-100 0.010 2,157,088 1,644,681 2,692,039
100-200 0.005 2,903,509 2,127,305 3,650,483
200-500 0.003 3,968,476 2,762,755 4,957,048
500 0.002 4,620,815 3,146,826 5,747,571
Avg. Annual Cum. Eff. Stream 237,826 193,042 286,896

Power, Q (ft-Ib/ft’):
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11 - Coon Creek

Watershed characteristics

Figure 31- Image of delineated Coon Creek watershed.

Several relevant hydrologic parameters for the Coon Creek watershed are provided below in Table 116.
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Table 116 - Watershed characteristics for Coon Creek.

Parameter

Value

Location

Lat: 37.846511
Long: -80.854742

Region — USGS SIR2010-5033

Central Mountains

Basin Area (mi°) 3.40
Average basin elevation (ft) 2703
Average basin overland slope (%) 19.5
Maximum flow distance (ft) 21,260
Slope along maximum flow distance (%) 41
Shape factor (basin length / basin width) 2.74
Sinuosity factor of stream (max. stream

length / basin length) 0.90
Runoff Curve Number 65.7
Time of Concentration (hr.) 2.066

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.
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Table 117 — Soil type, land cover, and curve number characteristics for Coon Creek.

Hydrologic Soil Land Cover Description CN Area (mi®)
Group

B Developed Low Intensity 68 0.054
B Pasture/Hay 61 0.06
C Deciduous Forest 70 1.369
C Pasture/Hay 74 0.172
C Developed Open Space 74 0.096
C Developed Low Intensity 79 0.074
C Barren Land 91 0.1

B Emergent Herbaceous Wetlands 98 0.099
B Developed Open Space 61 0.042
A Barren Land 77 0.007
C Emergent Herbaceous Wetlands 98 0.025
A Pasture/Hay 39 0.006
B Barren Land 86 0.055
B Deciduous Forest 55 1.039
A Deciduous Forest 30 0.154
C Mixed Forest 70 0.002
A Developed Low Intensity 51 0.002
A Developed Open Space 39 0.002
C Evergreen Forest 70 0.001
B Developed Medium Intensity 70 0.001
A Developed Medium Intensity 54 0.002
B Woody Wetlands 55 0.008
C Woody Wetlands 70 0.004
C Cultivated Crops 82 0.015
B Cultivated Crops 75 0.01

Weighted CN = 65.7

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Coon Creek project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Coon Creek is ungauged, with no stream gauges within ten miles of the project site. The stream gauge
data that is available are for a river of a vastly larger scale than the Coon Creek watershed (i.e., the New
River), or are for locations were stream gauge data ceases prior to the time period since the Coon Creek
bridge was constructed. Therefore, primary flow synthesis at the Laurel Fork site utilizes two methods:
the applicable USGS peak flow regression equations, and creation of a watershed model that utilizes
probabilistic rainfall data.
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Table 118 — Stream gage stations near Coon Creek.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ::‘?za) Type
Coon Creek - 1975- - | 37.8465 | -80.855 | - | 2383 | 3.40 -
Present

NEW RIVER @ 1928-

CAPERTON 03185500 1958 100 38.022 -81.029 15.4 938.4 6,826 DD

NEW RIVER AT 1936-

HINTON, WV 03184500 2003 100 37.67 -80.893 12.4 1255 6,256 DD

L. BEAVER C. TRIB 1966-

NR SHADY 03185020 1977 100 37.725 -81.101 15.9 2543 0.62 AP

SPRINGS, WV

GRIFFITH CREEK 1966-

NR ALDERSON, 03183550 100 37.738 -80.71 10.9 1850 3.84 AP
1977

WV

BUGGAR LICK AT 1966-

PENCE SPRINGS, 03183570 100 37.684 -80.717 13.5 1522 2.71 AP

WV 1977

Rainfall Data. A summary of weather stations near the project location are provided in the table below,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. While the Beckley Airport weather station has data over the entire

range of dates since Coon Creek bridge was constructed, 15.3 miles is too far away from the project site

to ensure that the precipitation data gathered at the weather station is a meaningful representation of

conditions in the Coon Creek watershed.

Table 119 — Weather stations near Coon Creek.

. . Period of | Coverage Elev. | Dist.
N ID Lat. L . .
Station Name Station Record (%) at ong (ft.) (mi.)
. 1963-
Beckley Airport | USW00003872 Present 100 37.783 -81.123 | 2514 15.3

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s

Precipitation Frequency Data Server are provided in Table 120.
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Table 120 — Precipitation depth at Coon Creek for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.59 2.42 2.78
5 3.12 291 3.35
10 3.55 3.31 3.81
25 4.14 3.85 4.44
50 4.62 4.27 4.95
100 5.11 4.71 5.47
200 5.62 5.16 6.02
500 6.33 5.76 6.78

Development of flow rates at Coon Creek for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 121), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 122), and a HEC-1 based
watershed model that incorporated 24-hour storm duration precipitation depths (see Table 123). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of
time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.

Table 121 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Coon Creek watershed.

Return Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 202 34.2 88 316

5 326 35.1 138 515
10 423 374 163 683
25 559 41.2 180 938
50 671 44.4 181 1161
100 791 47.9 168 1414
200 916 51.5 140 1692
500 1098 56.3 81 2114
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Table 122 — Peak discharges derived from TR-55 watershed model of Coon Creek

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)
2 166 125 217
5 324 256 405
10 480 390 585
25 726 601 862
50 947 784 1107
100 1187 990 1371
200 1450 1212 1663
500 1833 1524 2084

Table 123 — Peak discharges derived from HEC-1 watershed model of Coon Creek.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge, Q, Lower (cfs) | Q, U (cfs)
Q (cfs) , Upper (cfs
2 160 122 208
304 243 379
10 449 365 547
25 681 563 809
50 890 736 1042
100 1118 931 1293
200 1368 1142 1572
500 1734 1439 1974

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Coon Creek is shown in Figure 32, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 124. The result of HEC-RAS modeling at the site is a flow depth and velocity

rating curve, presented in Figure 33.
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Figure 32- HEC-RAS X-Y-Z Perspective Plot for Coon Creek.

Table 124 — Manning’s n-values utilized in HEC-RAS model for Coon Creek.
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Figure 33- Flow depth and velocity rating curve for Coon Creek.
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Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 125, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 126.

Table 125 — Scour event Cumulative Effective Stream Power Q (approach flow) for Coon Creek — based
on HEC-1 generated flow rates and hydrograph.

Table 126 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Coon Creek.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft)) (ft-Ib/ft") (ft-Ib/ft")
2 0 0 0

145,946 117,578 282,668

10 384,904 316,405 640,990
25 845,392 706,712 1,203,491
50 1,296,769 1,090,724 1,782,598
100 1,767,773 1,532,436 2,290,284
200 2,210,064 1,986,207 2,776,159
500 2,656,424 2,522,880 3,167,889

Increment Interval Cumulative Effective Stream Power, Q
(return period A\ size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 72,973 58,789 141,334
5-10 0.100 265,425 216,991 461,829
10-25 0.060 615,148 511,558 922,241
25-50 0.020 1,071,081 898,718 1,493,045
50-100 0.010 1,532,271 1,311,580 2,036,441
100-200 0.005 1,988,919 1,759,321 2,533,221
200-500 0.003 2,433,244 2,254,543 2,972,024
500- 0.002 2,656,424 2,522,880 3,167,889
jprmaom et [ s | s | o
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12 - Bridge Fork

Watershed characteristics

Figure 34- Image of delineated Bridge Fork watershed.

Several relevant hydrologic parameters for the Bridge Fork watershed are provided below in Table 127.
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Table 127 - Watershed characteristics for Bridge Fork.

Parameter Value
Location Lat: 38.206508
Long: -81.140203
Region — USGS SIR2010-5033 Central Mountains
Basin Area (mi°) 4.25
Average basin elevation (ft) 1596
Average basin overland slope (%) 54.4
Maximum flow distance (ft) 18,105
Slope along maximum flow distance (%) 8.1
Shape factor (basin length / basin width) 2.06

Sinuosity factor of stream (max. stream

length / basin length) 1.09
Runoff Curve Number 53.1
Time of Concentration (hr.) 1.554

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.

Table 128 — Soil type, land cover, and curve number characteristics for Bridge Fork.

Hydrologic Soil Land Cover Description CN Area (mi%)
Group
B Deciduous Forest 55 3.458
A Deciduous Forest 30 0.553
C Deciduous Forest 70 0.028
B Mixed Forest 55 0.01
A Mixed Forest 30 0.004
B Evergreen Forest 55 0.003
B Barren Land 86 0.169
A Developed Open Space 39 0.016
B Developed Open Space 61 0.023
B Grassland/Herbaceous 58 0.009
A Barren Land 77 0.023
A Grassland/Herbaceous 30 0.009
Weighted CN =53.1
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Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Bridge Fork project site are summarized, including period of record and data coverage within that
period, location, distance from the project area, elevation, drainage area upstream of the gage, and
whether the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Bridge Fork stream itself is ungauged. Although there are several stream gauges within
approximately 10 miles to the project site, they are of a vastly larger spatial scale than the Bridge Fork
watershed, or do not include data coverage since the 2005 date that the Bridge Fork bridge was
constructed. Thus, none of these stream gauges are suitable for direct flow history characterization at
the Bridge Fork project site. Therefore, flow synthesis at the Bridge Fork site utilizes two methods: the
applicable USGS peak flow regression equations, and creation of a watershed model that utilizes

probabilistic rainfall data.

Table 129 — Stream gage stations near Bridge Fork.

. . Drainage
Project / Stream USGS X Covg. Dist. Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) :-\r:;'sza) Type
Bridge Fork - 2005- - 38.2065 -81.14 - 854 4.25 -
Present
GAULEY RIVER 1928-
ABOVE BELVA, 03192000 100 38.233 -81.181 2.9 668.8 1,317 DD
Present
\AY
GAULEY RIVER AT 1909-
BELVA, WV 03192500 1954 36 38.225 -81.192 3.1 663.5 1,402 AP
KANAWHA RIVER 1877-
AT KANAWHA 03193000 Present 100 38.138 -81.214 6.2 620.6 8,371 DD
FALLS, WV
NEW RIVER @ 1895-
FAYETTE 03186000 1948 51 38.065 -81.078 10.3 | 8384 6,850 AP
MEADOW RIVER 1966-
NEAR MT. 03190400 Present 96 38.19 -80.947 10.6 1199 365 DD
LOOKOUT, WV
PETERS CREEK 1945-
NEAR 03191500 Present 61 38.262 -81.023 7.4 1064 40.2 DD
LOCKWOOD, WV
LAUREL CREEK NR 1966
SUMMERSVILLE, 03191400 § 53 38.258 -80.99 8.9 1276 4.28 AP
WV 1998

Rainfall Data. A summary of weather stations near the project location are provided in the table below,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. Since the weather station that is available in the vicinity of the Bridge

Fork watershed is 6.0 miles away, it is not suitable for direct inclusion into the watershed model.
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Table 130 — Weather stations near Bridge Fork.

. . Period of | Coverage Elev. | Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
A”Stf\lde:a‘”ks USC00460202 | 1999-2012 97 38.121 | -81.117 | 1296 | 6.0

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial

duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 131.

Development of flow rates at Bridge Fork for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 132), a TR-55 based watershed model that

Table 131 — Precipitation depth at Bridge Fork for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation : :
Depth (in.) Precip. Depth, Precip. Depth,

Interval yr.) Lower (in.) Upper (in.)
2 2.55 2.39 2.74
5 3.09 2.89 3.32
10 3.53 3.29 3.78
25 4.14 3.85 4.42
50 4.63 4.30 4.94
100 5.14 4.76 5.48
200 5.67 5.24 6.03
500 6.40 5.88 6.79

incorporated 24-hour storm duration precipitation depths (see Table 133), and a HEC-1 based

watershed model that incorporated 24-hour storm duration precipitation depths (see Table 134). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of

time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.
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Table 132 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Bridge Fork watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 245 34.2 107 384
5 394 35.1 166 621
10 509 37.4 196 822
25 671 41.2 216 1126
50 804 44.4 217 1391
100 945 47.9 200 1690
200 1093 51.5 167 2019
500 1308 56.3 97 2519

Table 133 — Peak discharges derived from TR-55 watershed model of Bridge Fork

Return _ Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 14 7 27
5 67 41 106
10 151 101 216
25 330 236 435
50 521 388 662
100 759 579 937
200 1042 810 1252
500 1481 1163 1734

Table 134 — Peak discharges derived from HEC-1 watershed model of Bridge Fork.

Return ) Peak 90% Confidence Interval
Period (yr) Discharge, Q, Lower (cfs) | Q, U (cfs)
Q (cfs) ’ pper (cfs
2 18 11 31
> 70 45 108
10 153 102 215
25 320 234 419
50 501 374 633
100 724 555 889
200 986 771 1181
500 1394 1098 1629
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Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Bridge Fork is shown in Figure 35, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 135. The result of HEC-RAS modeling at the site is a flow depth and velocity
rating curve, presented in Figure 36.

—_ l J
é.’lﬂl:ﬁl“-
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Figure 35- HEC-RAS X-Y-Z Perspective Plot for Bridge Fork.

Table 135 — Manning’s n-values utilized in HEC-RAS model for Bridge Fork.

Left Right
Overbank Channel Overbank
U/S of 0.10 0.1 0.12
Bridge
D/S of 0.10 0.1 0.12
Bridge
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Figure 36- Flow depth and velocity rating curve for Bridge Fork.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 136, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 137.

Table 136 — Scour event Cumulative Effective Stream Power Q (approach flow) for Bridge Fork — based
on HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)
2 0 0 0

5 108,824 99,871 145,836
10 243,148 214,900 316,388
25 454,735 400,245 554,197
50 640,446 564,351 757,125
100 844,483 742,228 980,792
200 1,065,519 936,702 1,214,669
500 1,381,581 1,206,898 1,551,284
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Table 137 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Bridge Fork.

Increment Interval Cumulative Effective Stream Power, (ft-lb/ftz)
(return period A size
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 54,412 49,936 72,918
5-10 0.100 175,986 157,386 231,112
10-25 0.060 348,942 307,573 435,292
25-50 0.020 547,590 482,298 655,661
50-100 0.010 742,464 653,289 868,959
100-200 0.005 955,001 839,465 1,097,731
200-500 0.003 1,223,550 1,071,800 1,382,977
500- 0.002 1,381,581 1,206,898 1,551,284
Stream power, 0 (elb/ic) | 444 75,179 105,647
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13 - Cucumber

Watershed characteristics

Figure 37- Image of delineated Cucumber watershed.

Since the Cucumber watershed exceeds the 19 mi® upper limit recommended for modeling with TR-55, it
was broken into sub-basins, as shown in Figure 38.
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Figure 38- Cucumber watershed after subdivision.

Several relevant hydrologic parameters for the Cucumber watershed are provided below in Table 138.

Table 138 - Watershed characteristics for Cucumber.

Parameter Western Sub-Basin Eastern Sub-Basin
Main Watershed Outlet Léztgﬁlzégiggg

Region — USGS SIR2010-5033 Western Plateaus

Basin Area (mi’) 14.86 15.76
Average basin elevation (ft) 2122.64 2435.21
Average basin overland slope (%) 39.7 35.4
Maximum flow distance (ft) 45128 35943
Slope along maximum flow distance (%) 2.7 3.6
Shape factor (basin length / basin width) 2.64 1.72
e ot s g
Runoff Curve Number 60.5 63.5
Time of Concentration (hr.) 3.029 2.472

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
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(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.

Table 139 — Soil type, land cover, and curve number characteristics for Cucumber, west sub-basin.

Hydrologic Soil Land Cover Description CN Area (mi’)
Group

B Deciduous Forest 55 10.111
C Deciduous Forest 70 2.18

D Grassland/Herbaceous 78 0.199
D Developed Low Intensity 84 0.157
D Developed Open Space 80 0.111
B Developed Low Intensity 68 0.046
C Mixed Forest 70 0.051
D Deciduous Forest 77 0.18

B Developed Open Space 61 0.148
D Developed Medium Intensity 85 0.069
B Grassland/Herbaceous 58 0.088
B Mixed Forest 55 0.13

B Pasture/Hay 61 0.102
C Grassland/Herbaceous 71 0.083
B Evergreen Forest 55 0.074
C Evergreen Forest 70 0.074
C Developed Open Space 74 0.185
A Grassland/Herbaceous 30 0.014
A Deciduous Forest 30 0.046
A Developed Open Space 39 0.042
A Evergreen Forest 30 0.005
A Mixed Forest 30 0.005
C Developed Low Intensity 79 0.028
B Developed Medium Intensity 70 0.009
C Pasture/Hay 74 0.042
D Barren Land 94 0.046
C Barren Land 91 0.162
D Open Water 98 0.046
D Shrub/Scrub 78 0.005
C Developed Medium Intensity 80 0.005
B Barren Land 86 0.398
D Pasture/Hay 78 0.009
C Open Water 98 0.005
B Shrub/Scrub 58 0.009

Weighted CN = 60.5
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Table 140 - Soil type, land cover, and curve number characteristics for Cucumber, east sub-basin.

Hydrologic Soil Land Cover Description CN Area (mi’)
Group
C Deciduous Forest 70 5.654
C Developed Open Space 74 0.286
B Deciduous Forest 55 6.29
B Developed Open Space 61 0.739
B Pasture/Hay 61 0.335
C Pasture/Hay 74 0.537
C Developed Low Intensity 79 0.118
C Developed Medium Intensity 80 0.035
B Mixed Forest 55 0.118
B Developed Low Intensity 68 0.148
C Grassland/Herbaceous 71 0.242
C Evergreen Forest 70 0.177
D Deciduous Forest 77 0.039
D Developed Medium Intensity 85 0.025
D Developed Open Space 80 0.03
B Evergreen Forest 55 0.217
B Barren Land 86 0.158
D Grassland/Herbaceous 78 0.005
B Grassland/Herbaceous 58 0.212
C Barren Land 91 0.212
D Developed Low Intensity 84 0.01
D Pasture/Hay 78 0.015
B Developed Medium Intensity 70 0.01
A Developed Low Intensity 51 0.01
C Mixed Forest 70 0.039
A Developed Open Space 39 0.079
A Deciduous Forest 30 0.01
A Developed Medium Intensity 54 0.01
D Evergreen Forest 77 0.005
Weighted CN = 63.5

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Cucumber project site are summarized, including period of record and data coverage within that period,
location, distance from the project area, elevation, drainage area upstream of the gage, and whether
the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Jacob’s Fork stream which the bridge at the Cucumber project location crosses is ungauged. The
nearest stream gauge locations are for watersheds that include upstream flow regulation, are of
significantly larger scale, or do not include data since the 1988 period since construction. Thus, none of
the stream gauges identified are suitable for direct flow history characterization at the Cucumber
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project site. Therefore, flow synthesis at the Cucumber site utilizes two methods: the applicable USGS

peak flow regression equations, and creation of a watershed model that utilizes probabilistic rainfall

data.

Table 141 — Stream gage stations near Cucumber.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.

Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ?n:?% Type
Cucumber, Jacob’s - 1988- - | 372798 | -81.621 - | 2070 | 3063 -
Fork Present
DRY FORK AT 1985-

BEARTOWN, WV 03212980 Present 92 37.395 -81.803 12.8 1055 209 DD
TUG FORK

DOWNSTREAM 1985-

OF ELKHORN 03212750 Present 92 37.441 -81.6 11.2 1267 174 DD
CREEK AT WELCH,

WV

BLUESTONE RIVER 1965-

AT BLUEFIELD, VA 03177700 1980 100 37.26 -81.28 18.8 2350 39.8 DD

Rainfall Data. A summary of weather stations near the project location are provided in the table below,
including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. Neither of the weather stations is near enough to the Cucumber

watershed to be meaningful for purposes of integration into watershed modeling.

Table 142 — Weather stations near Cucumber.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
Elkhorn USC00462709 | 1892-2008 31 37.387 -81.405 | 1948 14.0
Bluefield USC00460925 | 1998-2012 98 37.255 -81.226 | 2870 | 21.8

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 143.
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Table 143 — Precipitation depth at Cucumber for a 24-hour duration storm, including 90% confidence

interval.
Average o 90% Confidence Interval
Precipitation
Recurrence Depth (in.) Precip. Depth, Precip. Depth,
Interval (yr.) Lower (in.) Upper (in.)

2 2.49 2.33 2.67
5 3.01 2.81 3.23
10 3.43 3.20 3.68
25 4.03 3.74 431
50 4.51 4.17 4.82
100 5.00 4.61 5.36
200 5.53 5.06 5.91
500 6.24 5.66 6.67

Development of flow rates at Cucumber for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 144), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 145), and a HEC-1 based
watershed model that incorporated 24-hour storm duration precipitation depths (see Table 146). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of
time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.

Table 144 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Cucumber watershed.

Return . Peak Avg. Prediction 90% Confidence Interval
Period (yr) Discharge, Error (%)
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 1568 32.2 738 2399

5 2509 30.0 1271 3748
10 3193 29.7 1633 4753
25 4118 30.3 2065 6170
50 4853 31.3 2354 7352
100 5591 325 2602 8581
200 6363 33.9 2815 9911
500 7441 36.1 3022 11860
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Table 145 — Peak discharges derived from TR-55 watershed model, two sub-basins, of Cucumber.

Return ' Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 743 538 1016

5 1643 1257 2121
10 2602 2053 3260
25 4287 3427 5191
50 5847 4731 6904
100 7545 6182 8881
200 9536 7763 11051
500 12418 10047 14267

Table 146 — Peak discharges derived from HEC-1 watershed model of Cucumber.

90% Confidence Interval
Peak
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)
2 649 479 907
1415 1070 1806
10 2203 1731 2770
25 3606 2914 4349
50 4923 3960 5856
100 6388 5228 7545
200 8093 6574 9354
500 10557 8497 12132

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Cucumber is shown in Figure 39, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 147. The result of HEC-RAS modeling at the site is a flow depth and velocity
rating curve, presented in Figure 40.
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Figure 39- HEC-RAS X-Y-Z Perspective Plot for Cucumber.

Table 147 — Manning’s n-values utilized in HEC-RAS model for Cucumber.
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Figure 40- Flow depth and velocity rating curve for Cucumber.



Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 148, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 149.

Table 148 — Scour event Cumulative Effective Stream Power Q (approach flow) for Cucumber — based on
HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz

(ft-lo/ft)) (ft-Ib/ft") (ft-1b/ft")

2 0 0 0
10,742 9,451 18,196

10 29,132 25,561 45,507
25 67,687 58,764 96,058
50 106,957 92,251 145,104
100 152,545 131,177 204,678
200 206,739 175,563 258,208
500 259,089 234,579 369,081

Table 149 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Cucumber.

Increment Interval Cumulative Effective Stream Power, Q
(return period A\ size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 5,371 4,726 9,098
5-10 0.100 19,937 17,506 31,852
10-25 0.060 48,410 42,162 70,782
25-50 0.020 87,322 75,508 120,581
50-100 0.010 129,751 111,714 174,891
100-200 0.005 179,642 153,370 231,443
200-500 0.003 232,914 205,071 313,644
500- 0.002 259,089 234,579 369,081
Stromm powen 0 (o) | 11660 10,177 17,158
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14 - Clear Fork

Watershed characteristics

Figure 41- Image of delineated Clear Fork watershed.

Several relevant hydrologic parameters for the Clear Fork watershed are provided below in Table 150.
Since flow conditions at the Clear Fork project site were characterized using stream gauge data,
information related to watershed characteristics, precipitation patterns, and available weather stations
is provided only for reference. When generating a runoff hydrograph for purposes of scaling it against
the PeakFQ generated peak flow rates, multiple sub-basins were created. Additional details about these
sub-basins can be found in the digital watershed model files for this location.

112



Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Table 150 - Watershed characteristics for Clear Fork.

Parameter

Value

Location

Lat: 37.623803
Long: -81.703639

Region — USGS SIR2010-5033

Western Plateaus

Basin Area (mi°) 123.42
Average basin elevation (ft) 2017
Average basin overland slope (%) 45.2
Maximum flow distance (ft) 189,369
Slope along maximum flow distance (%) 0.8
Shape factor (basin length / basin width) 3.18
Sinuosity factor of stream (max. stream 173

length / basin length)

Clear Fork project site are summarized, including period of record and data coverage within that period,

location, distance from the project area, elevation, drainage area upstream of the gage, and whether
the available data consists of Daily Discharge (DD) or Annual Peak (AP).

The Clear Fork river is a gauged stream, with a stream gauge being found approximately 0.2 miles

downstream of the project site, where the drainage area is 126 mi?, slightly larger than the 123.42 mi?

contributing area at the project site. Stream gauge data was obtained from USGS and PKFQWin analysis

was performed, and the resulting flood frequency analysis results were interpolated between to yield

the flood frequency analysis presented in Table 152.

Table 151 — Stream gage stations near Clear Fork.

. . Drainage
Project / Stream USGS X Covg. Dist. Elev.
Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) 2;?2;; Type
Clear Fork - 1917- - 37.6238 -81.704 - 1163 123.42 -
Present
CLEAR FORK AT 1974-
CLEAR FORK, WV 03202750 Present 100 37.623 -81.707 0.2 1149 126 DD
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Table 152 — Flood Frequency Analysis for Clear Fork.

Recurrence . 95% Confidence
Interval Dlz,];g}‘:lsr)ge Interval

(yr) Lower Upper
2 4137 3650 4681
5 6189 5375 7188
10 7766 6552 9243
25 10050 8104 12293
50 11989 9313 14899
100 14174 10569 17798
200 16642 11891 21021
500 20433 13753 25859

Rainfall Data. A summary of weather stations near the project location are provided in the table below,
including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,
and distance from the project site. The single available weather station is not usable as a data source for
integration into watershed modeling, both because of excessive distance from the Clear Fork watershed,

and also because of gaps in data coverage during the period of record.

Table 153 — Weather stations near Clear Fork.

. . Period of | Coverage Elev. Dist.
Station Name Station ID Record (%) Lat. Long. (ft.) (mi.)
L 1908-
Pineville USC00467029 62 37.574 -81.535 | 1280 9.9
Present

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 154.
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Table 154 — Precipitation depth at Clear Fork for a 24-hour duration
storm, including 90% confidence interval.

Average o 90% Confidence Interval
Recurrence Precipitation . :
Depth (in.) Precip. Depth, Precip. Depth,

Interval (yr.) Lower (in.) Upper (in.)
2 2.58 2.41 2.79
5 3.13 2.92 3.37
10 3.57 3.33 3.85
25 4.19 3.89 4,51
50 4.70 4.34 5.04
100 5.22 4.81 5.60
200 5.77 5.29 6.18
500 6.52 5.95 6.96

Table 155 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Clear Fork watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 4338 32.2 2040 6636
5 6750 30.0 3419 10080
10 8458 29.7 4326 12590
25 10741 30.3 5387 16095
50 12536 31.3 6082 18991
100 14304 32.5 6657 21951
200 16142 33.9 7140 25143
500 18694 36.1 7593 29796

Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Clear Fork is shown in Figure 42, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in Table 156. The result of HEC-RAS modeling at the site is a flow depth and velocity
rating curve, presented in Figure 43. Due to unique hydraulic characteristics at this site, the velocity
rating curve at this location has been intentionally truncated.
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Figure 42- HEC-RAS X-Y-Z Perspective Plot for Clear Fork.

Table 156 — Manning’s n-values utilized in HEC-RAS model for Clear Fork.
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Figure 43- Flow depth and velocity rating curve for Clear Fork.
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Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated PeakFQ
generated peak flow rates and a runoff hydrograph shape that was determined through HEC-1
modeling. Amounts of Cumulative Effective Stream Power associated with a variety of return period
storms are summarized in Table 157 (approach flow) and Table 158 (at pier), including amounts
associated with flow rates (and corresponding flow velocities and depths) that were generated using the
lower and upper 90% confidence interval precipitation depths. The Average Annual Cumulative Effective
Stream Power, which accounts for the Cumulative Effective Stream Power associated with each return
period storm and the annual probability of each of these storms, is shown in Table 159 and Table 160.

Table 157 — Scour event Cumulative Effective Stream Power Q (approach flow) for Clear Fork — based on
PeakFQ generated flow rates and HEC-1 generated hydrograph shape.

Return Eff(e-;gtr:/ilastt:leeam 95% Confidence Interval

Period (yr) Power, Q Lower Upper
(ft-lb/ft’) (ft-Ib/ft?) (ft-Ib/ft?)

2 0 0 0

5 328,519 258,174 459,809
10 799,401 572,061 1,088,940
25 1,619,349 1,066,702 2,250,527
50 2,359,916 1,503,952 3,425,617
100 3,383,652 2,036,361 4,790,608
200 4,602,354 2,538,973 6,716,977
500 6,670,029 3,428,959 9,374,418

Table 158 — Scour event Cumulative Effective Stream Power Q (pier) for Clear Fork — based on PeakFQ
generated flow rates and HEC-1 generated hydrograph shape.

Return Effistr:/ilasfclyeeam 95% Confidence Interval

Period (yr) Power, Q Lower Upper

(ft-Ib/ft?) (ft-Ib/ft?) (ft-Ib/ft?)

2 0 0 0

5 949,421 746,122 1,328,847
10 2,310,270 1,653,256 3,147,036
25 4,679,919 3,082,768 6,504,023
50 6,820,156 4,346,421 9,900,033
100 9,778,754 5,885,083 13,844,857
200 13,300,804 7,337,632 19,412,064
500 19,276,384 9,909,691 27,092,068
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Table 159 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Clear Fork.

Increment Interval Cumulative Effective Stream Power, Q
(;z:;rg A size (ft-1b/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 164,260 129,087 229,904
5-10 0.100 563,960 415,117 774,374
10-25 0.060 1,209,375 819,381 1,669,733
25-50 0.020 1,989,632 1,285,327 2,838,072
50-100 0.010 2,871,784 1,770,156 4,108,112
100-200 0.005 3,993,003 2,287,667 5,753,793
200-500 0.003 5,636,192 2,983,966 8,045,698
500 0.002 6,670,029 3,428,959 9,374,418
Ave. ﬁg:{ﬁl gﬁ:é‘;‘;ﬁ; ream 296,961 200,057 416,090

Table 160 — Average Annual Cumulative Effective Stream Power Q (pier) at Clear Fork.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft'lb/ftz)

range) Baseline Value 90% Lower 90% Upper

2-5 0.300 474,710 373,061 664,424
5-10 0.100 1,629,845 1,199,689 2,237,942
10-25 0.060 3,495,095 2,368,012 4,825,530
25-50 0.020 5,750,038 3,714,594 8,202,028
50-100 0.010 8,299,455 5,115,752 11,872,445
100-200 0.005 11,539,779 6,611,357 16,628,460
200-500 0.003 16,288,594 8,623,662 23,252,066
500 0.002 19,276,384 9,909,691 27,092,068
Str)::i ﬁgwﬁ ;u(r;..llti);?tz): 858,216 578,164 1,202,501
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15 - Mish Road

Watershed characteristics

Figure 44- Image of delineated Mish Road watershed.

Several relevant hydrologic parameters for the Mish Road watershed are provided below in Table 161.
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Table 161 - Watershed characteristics for Mish Road.

Parameter Value
Location Lat: 39.3800
Long: -78.066101
Region — USGS SIR2010-5033 Eastern Panhandle
Basin Area (mi°) 14.21
Average basin elevation (ft) 772
Average basin overland slope (%) 9.8
Maximum flow distance (ft) 51,651
Slope along maximum flow distance (%) 1.3
Shape factor (basin length / basin width) 1.69
Sinuosity factor of stream (max. stream
length / basin length) 1.59
Runoff Curve Number 68.0
Time of Concentration (hr.) 5.594

A summary of the parameters utilized to compute the weighted watershed Curve Number is provided in
the table below, including Natural Resources Conservation Service Soil Survey Geographic Database
(SSURGO) derived hydrologic soil group, National Land Cover Database 2006 derived land cover
classification, corresponding Curve Number, and sub-element area.
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Table 162 — Soil type, land cover, and curve number characteristics for Mish Road.

Hydrologic Soil Land Cover Description CN Area (mi°)
Group

C Deciduous Forest 70 2.1

C Pasture/Hay 74 2.059
B Deciduous Forest 55 2.273
D Pasture/Hay 78 2.211
C Developed Open Space 74 0.126
B Pasture/Hay 61 2.643
D Deciduous Forest 77 1.216
C Mixed Forest 70 0.051
C Developed Low Intensity 79 0.028
B Cultivated Crops 75 0.034
D Developed Open Space 80 0.099
B Developed Open Space 61 0.237
D Evergreen Forest 77 0.198
D Developed Low Intensity 84 0.018
B Evergreen Forest 55 0.354
C Evergreen Forest 70 0.246
D Barren Land 94 0.005
D Mixed Forest 77 0.092
D Cultivated Crops 86 0.007
B Developed Low Intensity 68 0.039
B Mixed Forest 55 0.064
B Developed Medium Intensity 70 0.002
D Open Water 98 0.005
D Woody Wetlands 77 0.002
B Woody Wetlands 55 0.002
B Grassland/Herbaceous 58 0.039
C Grassland/Herbaceous 71 0.021
D Emergent Herbaceous Wetlands 98 0.005
A Pasture/Hay 39 0.03
A Deciduous Forest 30 0.009
A Evergreen Forest 30 0.002

Weighted CN = 68.0

Flow synthesis

Stream Gage Data. In the table below, characteristics of the stream gage stations in proximity to the

Mish Road project site are summarized, including period of record and data coverage within that period,
location, distance from the project area, elevation, drainage area upstream of the gage, and whether
the available data consists of Daily Discharge (DD) or Annual Peak (AP).

Mill Creek is an ungauged stream. The nearest gauged stream, Opequon Creek near Martinsburg, West
Virginia, gauges a watershed that is 273 mi® and only since 1947 (the bridge at Mish Road was
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constructed in 1926). Likewise, the other stream gauges in the vicinity of the Mish Road project site are
all for much larger watersheds, do not include data during the entire period of interest, and/or are far

enough away from the project site that precipitation patterns (and therefore stream flow conditions)

are not likely to have been representative of conditions at the Mish Road project site. Therefore, flow

synthesis at the Mish Road site utilizes two methods: the applicable USGS peak flow regression

equations, and creation of a watershed model that utilizes probabilistic rainfall data.

Table 163 — Stream gage stations near Mish Road.

. . Drainage
Project / Stream USGS . Covg. Dist. | Elev.

Gage Location Station ID Period (%) Lat. Long. (mi.) (ft.) ?":T% Type
Mish Road, Mil - 1926- - 39.38 | -78.066 - 666 | 14.21 -
Creek Present
SHENANDOAH 1895-

RIVER AT 01636500 Present 84 39.282 -77.789 16.3 292.4 3,022 DD

MILLVILLE, WV

OPEQUON CREEK

NEAR 1947-

MARTINSBURG, 01616500 Present 100 39.424 -77.939 7.4 354.3 273 DD

WV

OPEQUON CREEK 1943-

NEAR BERRYVILLE, | 01615000 93 39.18 -78.07 13.8 503.2 57.4 DD
Present

VA

ABRAMS CREEK 1949

NEAR 01616000 1994- 59 39.18 -78.09 13.9 526.4 16.5 DD

WINCHESTER, VA

HOGUE CREEK 1960-

NEAR HAYFIELD, 01613900 2011 89 39.21 -78.29 16.8 668.6 15 DD

VA

Rainfall Data. A summary of weather stations near the project location are provided in Table 164,

including Station ID, Period of Record, data coverage during the Period of Record, location, elevation,

and distance from the project site. The coverage and period of record at for the weather station at the

Martinsburg Eastern WV Airport are acceptable, however the location of the weather station is 4.6 miles
from the Mish Road watershed outlet, and is the opposite direction (east) from the area that contributes
to flow at Mish Road (west). Thus, in view of the distance and spatial variations in rainfall conditions,

data from this site are not suitable for direct integration into watershed modeling.
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Table 164 — Weather stations near Mish Road.

. . Period of | Coverage Elev. | Dist.
tat N tat ID Lat. L .
Station Name Station Record (%) a ong (ft.) (mi.)
Martinsburg
Eastern WV USW00013734 | 1926-2012 100 39.401 -77.984 534 4.6
Airport

Point precipitation frequency estimates for a 24-hour duration storm at the watershed, based on partial
duration series NOAA Atlas 14 data available at the Hydrometeorological Design Studies Center’s
Precipitation Frequency Data Server are provided in Table 165.

Table 165 — Precipitation depth at Mish Road for a 24-hour duration storm, including 90% confidence

interval.
Average S 90% Confidence Interval
Precipitation
Recurrence Depth (in.) Precip. Depth, Precip. Depth,
Interval (yr.) Lower (in.) Upper (in.)

2 2.86 2.64 3.10
5 3.56 3.28 3.85
10 4.14 3.80 4.46
25 4.98 4.55 5.36
50 5.69 5.18 6.12
100 6.46 5.84 6.93
200 7.29 6.54 7.82
500 8.51 7.54 9.14

Development of flow rates at Mish Road for a variety of return period storms utilized three methods:
USGS-provided regional regression equations (see Table 166), a TR-55 based watershed model that
incorporated 24-hour storm duration precipitation depths (see Table 167), and a HEC-1 based
watershed model that incorporated 24-hour storm duration precipitation depths (see Table 168). Since
calculation of cumulative effective stream power requires characterization of flow rate as a function of
time — and not simply the peak flow rate associated with a storm event — the runoff hydrographs
generated by the HEC-1 analysis were utilized for this purpose.
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Table 166 — USGS SIR-2010-5033 derived peak discharges, average prediction error, and
corresponding 90% confidence interval for the Mish Road watershed.

Return Peak Avg. Prediction 90% Confidence Interval
. Discharge,
Period (yr) Q (cfs) Error (%) Q, Lower (cfs) Q, Upper (cfs)
2 544 33.4 245 843
5 971 27.2 536 1405
10 1355 24.5 809 1901
25 1937 22.4 1223 2650
50 2437 21.7 1567 3307
100 2969 21.7 1909 4029
200 3568 22.4 2253 4882
500 4427 23.8 2694 6161

Table 167 — Peak discharges derived from TR-55 watershed model of Mish Road.

Return _ Peak 90% Confidence Interval
Period (yr) Discharge,
Q (cfs) Q, Lower (cfs) Q, Upper (cfs)

2 626 490 787

5 1130 916 1365
10 1614 1324 1902
25 2396 1986 2774
50 3112 2593 3566
100 3933 3269 4451
200 4857 4020 5464
500 6271 5141 7022

Table 168 — Peak discharges derived from HEC-1 watershed model of Mish Road.

Peak 90% Confidence Interval
Return .
. Discharge,
Period (yr) Q (cfs) Q, Lower (cfs) | Q, Upper (cfs)
2 629 496 788
1127 915 1363
10 1612 1321 1901
25 2398 1985 2778
50 3118 2596 3574
100 3947 3275 4473
200 4884 4036 5499
500 6315 5172 7073

124



Hydraulics

An isometric view of the HEC-RAS Perspective Plot for Mish Road is shown in Figure 45, the underlying
geometry for which is based on a field survey that was performed at the site. Manning’s n-values for the
site are summarized in

Table 169. The result of HEC-RAS modeling at the site is a flow depth and velocity rating curve,
presented in Figure 46.

Figure 45- HEC-RAS X-Y-Z Perspective Plot for Mish Road.

Table 169 — Manning’s n-values utilized in HEC-RAS model for Mish Road.

Left Right
Overbank Channel Overbank
U/S of 0.10 0.035 0.10
Bridge
D/S of 0.10 0.035 0.10
Bridge
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Figure 46- Flow depth and velocity rating curve for Mish Road.

Stream Power

Cumulative Effective Stream Power at the Leatherwood Road project site incorporated HEC-1 generated
flow rates and runoff hydrograph. Amounts of Cumulative Effective Stream Power associated with a
variety of return period storms are summarized in Table 170, including amounts associated with flow
rates (and corresponding flow velocities and depths) that were generated using the lower and upper
90% confidence interval precipitation depths. The Average Annual Cumulative Effective Stream Power,
which accounts for the Cumulative Effective Stream Power associated with each return period storm
and the annual probability of each of these storms, is shown in Table 171.

Table 170 — Scour event Cumulative Effective Stream Power Q (approach flow) for Mish Road — based on
HEC-1 generated flow rates and hydrograph.

Cumulative 90% Confidence Interval
Return Effective Stream
Period (yr) Power, Q Lowerz Upperz
(ft-lo/ft) (ft-Ib/ft") (ft-Ib/ft”)
2 0 0 0

5 19,107 25,057 21,558
10 22,637 42,653 26,012
25 19,116 41,442 39,209
50 19,782 40,622 44,260
100 21,029 42,142 53,253
200 21,955 43,263 57,043
500 21,534 43,302 55,627
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Table 171 — Average Annual Cumulative Effective Stream Power Q (approach flow) at Mish Road.

Increment Interval Cumulative Effective Stream Power, Q
(return period A size (ft-Ib/ft?)
range) Baseline Value | Lower 90% Conf. | Upper 90% Conf.
2-5 0.300 9,553 12,529 10,779
5-10 0.100 20,872 33,855 23,785
10-25 0.060 20,876 42,048 32,610
25-50 0.020 19,449 41,032 41,734
50-100 0.010 20,406 41,382 48,757
100-200 0.005 21,492 42,702 55,148
200-500 0.003 21,744 43,282 56,335
500- 0.002 21,534 43,302 55,627
Stroam Powen, 0 (b/f0: | 7015 11,331 9,447
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Appendix B — Project Site Geologic and Geotechnical Information

Regional distribution, thickness, and stratigraphic classification of bedrock units encountered at
the bridge sites are based on those from the digital version of the 1:250,000 state geologic map of West
Virginia (Cardwell, D.H., Erwin, R.B., and Woodward, H.P., 1968 [slightly revised 1986], Geologic Map of
West Virginia: West Virginia Geological and Economic Survey). These general properties of the rock
units have been augmented with detailed site-specific descriptions based on the boring logs generated
during rock coring and subsequent inspection of core and surface samples.

The following acronyms are used in this appendix:
RQD = rock quality designation, stated in percent (%).

GSN = geotechnical scour number obtained from modified slake durability tests following the
method of NCHRP-717 (2012), stated in units of feet of equivalent scour per unit hourly ft-
Ib/s/ft* of stream power.

GSN*= geotechnical scour number obtained from modified slake durability tests based on a
non-zero intercept of the linear regression line, an alternative method to NCHRP 717 (2012);
stated in units of feet of equivalent scour per unit hourly ft-Ib/s/ft* of stream power.

R*? = coefficient of determination associated with linear regression used to determine GSN*.
UCS = unconfined compressive strength, stated in units of pounds per square inch (psi).

TZ = Target zone: the 10-foot vertical interval within bedrock immediately below the base of the
adjacent bridge abutment.

A list of figures and respective pages for Appendix B appear below. The results of lab tests for all bridges
are summarized in Table 1 on pages 111 and 112.

Figure 1 — Boring Log for Leatherwood BridZe ........cccuvieiiiiiieiiiiie ettt e e e s e ree e e 6
Figure 2 — Boring Log 2 for Leatherwood Bridge .......cc.ueiieiiieiiiiiie ettt e e e e e e e 8
Figure 3 -- Field sketch of Leatherwood Bridge, looking downstream. .........ccccceeevecciiiieeeececcciiieeee e 10
Figure 4 -- Field sketch of Leatherwood Bridge, looking at right abutment..........cccccoeeiiiiieiiciiee e, 10
Figure 5 — Field sketch of Leatherwood Bridge, overhead VIEW. .......cc.cececiveeeiiiiie i 11
Figure 6 — Data from modified slake durability tests and calculated values of GSN* and R**for

W1 o [T VY oo o Y= Ta 0] o] LTSS 12
Figure 7 — Boring Log 1 for Ritter Park (5™ Sreet) BIAGE ......vevveeveeeeeeereeeseeseeeeeeeseeeseeeeseseseeseeeseseeens 14
Figure 8 — Boring LOg 2 for Ritter Park (5™ SLrE@t) BIIABE «..o.veveeeveeeeeerreeeseeeeeeeeeeseeseeeeseeeseesseesesesssesees 16
Figure 9 -- Data from modified slake durability tests and calculated values of GSN* and R**for Ritter Park
(5™ SErEEL) BIIOZE SAMPIES. .v.veeeeveeeeeeeeeeeee e et eeeeeeeeeeeeeeeeeeeeesaeeeseseseeseesesaeseseseeeesessssesessesesseseseeseseeeesseeees 18



Figure 10 — Boring Log 1 for Little Sandy Bridge .......ccueiieeiieiiecee ettt e e 20

Figure 11 — Boring Log 2 for Little Sandy Bridge ......cccueeieciiie ettt ettt et 22
Figure 12 -- Field sketch of Little Sandy Bridge, looking downstream..........cccoecveeiiiiieeiccieee e 24
Figure 13 -- Field sketch of Little Sandy Bridge, overhead VIEW. ..........cccoccuieiiiiiiii et 25
Figure 14 -- Data from modified slake durability tests and calculated values of GSN* and R**for Little
Y1 To AV F- T o o] 1= PSPPI 26
Figure 15 — Boring Log 1 for Grassy RUN BridZE......ccccueiiiiiiieieiiee e ccitee et etee e eetee e ae e e e vae e e e eavae e e 28
Figure 16 — Boring Log 2 for Grassy RUN Bridge .......cccuiiiiiie ettt s e tveee e e e e araee e e e e e e annaees 30
Figure 17 -- Field sketch of Little Grassy Run Bridge, looking upstream. .......ccccccevvvviieeiiiiieesccieeseciiee e 32
Figure 18 -- Field sketch of Little Grassy Run Bridge, overhead VIEW. .......c.ccceeevveeiiiieeeccciiee e 32
Figure 19 -- Data from modified slake durability tests and calculated values of GSN* and R**for Grassy
(OIS 0 4T e 1= SR 33
Figure 20 — Boring Log 1 for Caldwell RUN Bridge .....ccuueiiiciiie ettt e 35
Figure 21 — Boring Log 2 for Caldwell RUN BridGe.......cc.uvviiieiieeiiieeee ettt rnee e e e 37
Figure 22 -- Field sketch of Caldwell Run Bridge, l0oking Upstream. ........cccccvevveeiiiviieeeccieee e 39
Figure 23 -- Field sketch of Caldwell Run Bridge: overhead view (right), east abutment (top left), and
west abutment (DOTEOM IEFL). .....eiiieeceee e e et e e et e e e et r e e e e are e e e enareeeeenneeas 40
Figure 24 -- Data from modified slake durability tests and calculated values of GSN* and R**for Caldwell
U YT Yo 0] o] (= PSP 41
Figure 25 — Boring Log 1 for Paden FOrk Bridge.......ccccuriiiiiei ittt 43
Figure 26 — Boring Log 2 for Paden FOrk Bridge.......cccuiiiiciiieieiiie ettt 45
Figure 27 -- Field sketch of Paden Fork Bridge, looking downstream. .........ccccccoveeiiiiiieeccieeeccciee e 47
Figure 28 -- Field sketch of Paden Fork Bridge, overhead VIieW..........ccoovcciiiiiie e 47
Figure 29 -- Data from modified slake durability tests and calculated values of GSN* and R**for Paden
0T Y- [ 4T o113 PSR 48
Figure 30 — Boring Log 1 for Audra Park BridGe .......ccccuviiiiieiiecciiieee ettt e e trnee e e e s 50
Figure 31 — Boring Log 2 for Audra Park Bridge ........ccueiiieieiiieiiiie ettt ettt e e e e 52
Figure 32 -- Field sketch of Audra Park Bridge, looking downstream...........cccoccveeiiiiieecccieee e 54
Figure 33 -- Field sketch of Audra Park Bridge, looking at left abutment.........cccccooeeciiiiei i, 54
Figure 34 -- Field sketch of Audra Park Bridge, overhead VIEW. ........cceeiieiviiiiiiiie et 55
Figure 35 -- Data from modified slake durability tests and calculated values of GSN* and R**for Audra
T Y- [0 o1 =TT USSR 56
Figure 36 — Boring Log 1 for Laurel FOrk BridGe......ccccueiiieiieeieiieee ettt ettt e e eee e e vte e e eavee e e 58
Figure 37 — Boring Log 2 for Laurel FOrK BridZe.......cccuieiiiiiee ettt e e tee e et e e e earee e e 59
Figure 38 -- Field sketch of Laurel Fork Bridge, looking upstream. .......ccccccovieeeriiiiiciiiieee e 61
Figure 39 -- Field sketch of Laurel Fork Bridge, looking at right abutment. ............ccooeiiiiiiiiiiieccieees 61
Figure 40 -- Field sketch of Laurel Fork Bridge, looking downstream...........cccecveeeieciiieeeccieee e 62
Figure 41 -- Data from modified slake durability tests and calculated values of GSN* and R**for Laurel
oY T 2T To F= LI T 0] o] L= ST 63
Figure 42 — Boring Log 1 for Roaring Creek Bridge .......ooovuiieieciee ettt e 65
Figure 43 — Boring Log 2 for Roaring Creek Bridge ......uuiiiviie ittt 67
Figure 44 -- Field sketch of Roaring Creek Bridge, l00King UPStream........ccceeveiveeiiiiieeeccieee e 69



Figure 45 -- Field sketch of Roaring Creek Bridge, looking at insides of left pier (top sketch) and right pier

(oo u oY 0 I =] el o) TSR 69
Figure 46 -- Field sketch of Roaring Creek Bridge, overhead view and right abutment (lower right)........ 70
Figure 47 -- Data from modified slake durability tests and calculated values of GSN* and R**for Roaring

(01T T T Pt ST [0 o o] =TSRSS 71
Figure 48 — Boring LOog 1 for BEVErlY BridGe......ccuuviiiiiiiiiciieee ettt ettt e e e e e s nree e e 73
Figure 49 — Boring Log 2 for BEVErlY BridGe.........uviiiiiiieiciee ettt ettt et e e evae e e e aree e e 75
Figure 50 -- Field sketch of Beverly Bridge, looking downstream. .........cccccviieeieiiicciiiieee e 77
Figure 51 -- Field sketch of Beverly Bridge, looking at right abutment. .........ccccoceiiiiniiii e, 77
Figure 52 -- Field sketch of Beverly Bridge, overhead VIEW. .........ccooviveiiiiiiii i 78
Figure 53 -- Data from modified slake durability tests and calculated values of GSN* and R**for Beverly

2T aTe F= LI Yo 0T o] L= SR 79
Figure 54 — Boring Log 1 for Coon Creek BridGe .......ccuuviiiiiieeieiiee ettt e et e e e e e e e e 81
Figure 55 — Boring Log 2 for Coon Creek BridGe .....coccuuviiiiee ettt ettt e e eeetvtee e e e e e e araee e e e e s e nnaaees 82
Figure 56 -- Field sketch of Coon Creek Bridge, looking upstream. .......cccccoeeeieiieiiiiiiieeicciee e 83

Figure 58 -- Field sketch of Coon Creek Bridge, looking at right abutment (top) and left abutment
(DOTEOM). ettt ettt e et e e ettt et e e e eaae e e s easbeeeeaabaeeeeaabaeesassaeeeaasseeeeassaeeeenbes nbaeeeenraeeeanreas 84
Figure 59 -- Data from modified slake durability tests and calculated values of GSN* and R*for Coon

Creek BridgE SAMIPIES. .eeeiie i ittt e e e e e e e e e e e e e e e se bttt e e e e e eeeaanstaeaeaeeeeaanssbanaeeeeeeanrrnrneaeaen be 85
Figure 60 — Boring Log 1 for Bridge FOrk Bridge .......ccuuvviiiieieeeieeee ettt e e 87
Figure 61 — Boring Log 2 for Bridge FOrk Bridge ......cccviiiiiiiieieiee ettt e e e 88
Figure 62 -- Field sketch of Bridge Fork Bridge, looKing UpStream. ........ccccvveeeiciieececiiee e 89
Figure 63 -- Field sketch of Bridge Fork Bridge, looking at right abutment head-on (top) and in cross-
Y=ot (o] oI (oY oY s o 18 =1 o PR 89
Figure 64 -- Field sketch of Bridge Fork Bridge, overhead VIEW. ..........cccoccuieeiiiiiie et 90
Figure 65 -- Data from modified slake durability tests and calculated values of GSN* and R**for Bridge
oY T 2 Ta o F= LI 1 0] o L= SR 91
Figure 66 — Boring Log 1 for CUCUMDBDEr BridZE .....cceeiuiieieiiee ettt e et e e e e e e aree e e 93
Figure 67 — Boring Log 2 for CUCUMDBEr BridEE ..ccueie ettt e e ttee e e e e e e e braa e e e e e e e nnanaes 95
Figure 68 -- Data from modified slake durability tests and calculated values of GSN* and R**for
CucumMbEr Bridge SAMPIES. .....ueiiiiieei et e e e e e e e e e e e e s bt r e e e e e e e s anartreeeeeeeeanraaaeaeeeeaans 97
Figure 69 — Boring Log 1 for Clear FOrk BridgE ....cuiiiiiiiiiiiieeeeeeciiiiee ettt e e e ettre e e e e e e e brae e e e e e e e nnnaees 99
Figure 70 — Boring Log 2 for Clear FOrk BridZe ......coocuiiiiiiiiee ettt e st e e st e e e e e 101
Figure 71 -- Field sketch of Clear Fork Bridge, looking downstream. ........ccccceeecveeeecciieeecciiee e 103
Figure 72 -- Field sketch of Clear Fork Bridge, overhead VIEW...........ccceeviiiciiiiiie e 103
Figure 73 -- Data from modified slake durability tests and calculated values of GSN* and R**for Clear
o1 Q= T e F= LIy Ty o o] LTSS 104
Figure 74 — Boring Log 1 for Mish ROad Bridge.......ccccuiiiiiiiiiiiiiiie ettt sttt e st e e sneee e 106
Figure 75 — Boring Log 2 for Mish ROad Bridge.......ccccuiiiiiiiiiiiiiiee ettt et ane e 107
Figure 76 -- Field sketch of Mish Road Bridge, looking downstream. ..........ccccecvieeevcieieeciieeecciiee e 109
Figure 77 -- Field sketch of Bridge Fork Bridge, looking Upstream. .......cccccvveeieiiieeiiieee e 109



Figure 78 -- Data from modified slake durability tests and calculated values of GSN* and R**for Mish
0o Lo 214 o P oY=V oY o] L= U 110

1 - Leatherwood Road

Field Results
Geology.

At the Leatherwood Bridge the bridge abutments are set in sandstone and claystone near the
contact between the Pennsylvanian-age Allegheny and Glenshaw Formations. The Allegheny Formation
covers in excess of 1,400 square miles over large strip of West Virginia extending from Wayne County in
the southwestern portion of the state to Preston and Mineral Counties in the northeastern portion.
The Allegheny is thickest in the western parts of its distribution, up to 325 feet, and thinner to the
northeast, where it is typically in the range of 150-200 feet.

Together the Glenshaw and overlying Casselman Formation comprise the Conemaugh Group,
which covers in excess of 3,100 square miles extending from Wayne, Cabell, and Mason Counties in the
southwestern portion of the state to Monongalia, Preston and Mineral Counties in the northeastern
portion. The Casselman/ Glenshaw Formations also cover part of Hancock County in the northern
panhandle and Wirt and Pleasant Counties adjacent to the Ohio River in the north-central part of the
state. In contrast to the Allegheny Formation, the Casselman/ Glenshaw Formations are thickest in the
northeastern part of the state, up to 850 feet, and thinner, approximately 500 feet, in the western part
of their distribution.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock geology in the
TZ at the Leatherwood bridge consists of gray, shaley sandstone below the right (east) abutment in
borehole LEA-001-2011 and claystone and clayey shale in LEA-002-2011 below the left (west) abutment.
The core from LEA-001-2011 is described as soft to average hardness, with very thin bedding and some
fracturing, including one vertical, iron-stained fracture. The core from LEA-002-2011 is described as soft
to very soft, with laminations and closely-spaced fracturing, including one vertical fracture. Boring logs
and field sketches are shown below.

Surface exposure of bedrock at the base of the right (east) abutment shows shale on the
downstream (north) side laterally adjacent to sandstone on the upstream (south) side. The sharp
juxtaposition of these two dissimilar lithologies is interpreted as resulting from displacement along a
near-vertical fault. The fault is assumed to be inactive, as it does not extend into the unconsolidated
materials above bedrock or does not appear to have affected the abutment.

Two joint sets, oriented approximately 90° to each other and 45°to the stream axis, were
observed in surface bedrock below and immediately downstream of the Leatherwood bridge. Spacing
between individual joints in each set ranges from 2-3 meters.



Rock Quality Designation (RQD).

RQD values for the target depth intervals in LEA-001-2011 (shaley sandstone) and LEA-002-2011
(claystone) were 72% and 0%, respectively.

Scour Mode and Magnitude

Areas of scour at the Leatherwood bridge are shown on the field sketches below.
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| o B 23 | - /v (RD= 0°to 259), extremely closely to B sk e
L 2 Y, ve:{wide spaced fractures (RD= 0°to F1:1448-1451 hrs. |
18.0 P 90<), RQD=72%
il v, 16.4-16.6' stained vertical fracture B
-] a7 v ]
u E o R-2: 1520-1530 hrs. 7
— - R2 28 \/ —
NOTE: DRAW STRATFICATION LINES AT THE APPROXMATE BOUNDARY




fiong ¥ ENGINEERS FIELD BORING LOG

BORING NO.LEA-01-2011

REPRODUGE LOCALLY SHEET 2 OF_ 2
PROJECT NAME _WVDOH Scour COUNTY _Kanawha iy ST
PROJECT LOCATION _Leatherwood Bridge ' s2u11
STATION OFFSET FROM CENTERLINE 0.G END 82911
NORTHING EASTING ELEV. 642.0
s : ie‘ -~

clad sl E /|BE|a/| &

L Zw e o (¥ os |3/ E

E |28 |22 |80 /62| /& § DESCRIPTION REMARKS

5 35|82 (5 B/E85|/8

a3 E 2 gl § 9 © 2 =

- Shaley S:«N(Ij.)b g Orl:iE, grf?y. rs;c:ft 1
s average hard, slightly to fresl =
21.0 v weath%red, intengelylfy to thin Zedded |
v (RD= 0°to 25°), extremely closely to
7 v ver%wid spaced fractures (RD= 0°to 1
o gl L PR fonkaag R-3: 1535-1545 hrs.
_— o _|
T 100 v 7
- -1 Ra3 50 ] ¥4 —
R %0 v
Completed hole at 1360

- o] hrs. 6/24/2011 —
_— v _|
— — bl —
126.0 V| 26.0 616.0

Bottom of borehole at 26.00 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS




Figure 2 — Boring Log 2 for
Leatherwood Bridge

- D481 ENGINEERS FIELD BORING LOG BORING NO.LEA-02-2011
AEPRODUCE LOCALLY
SHEET_1__OF__2
PROJECT NAME _WVDOH Scour COUNTY _Kanawha DATE: START _6/24/11
PROJECT LOCATION _Leatherwood Bridge ' w2411
STATION OFFSET FROM CENTERLINE 0.G. ENDF
NORTHING EASTING ELEV._0830
STATE RT.NO. _65 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim ins/L.G. He Drilling. Inc.
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow St /SPT/NX Wireline Barrel
CASING:SIZE: _______ ; DEPTH: : WATER: DEPTH: TIME: DATE:
CHECKED BY: TLD ; DATE: __8111  DEPTH: __152'  TIME: __13:00  DATE: _ 62411
Checked = No Recorded Water Reading Measurements []
~ 3 £ Jany
=3 (esl. B /|58|a/| =
L2 ed |G ¢ el I =
Salaz|3ER 21 7/2 3 DESCRIPTION REMARKS
£ 138(25|8513/2| 28| /5| 8
REHEHER A HVE R
cl|a = gla o =
0.0 UNSAMPLED Started hole at 0925 hrs.
[ M ] 6/24/2011 =
— Cloudy/68 degrees
- At " -
T ~Bottom of Abutment at
= 626 -
50| 50 631.0 ]
5 Sandy CLAY (cl), moist, medium stiff to Sand trap used for all soil
~ 1 s 3 09 e . cl M stiff, homogeneous, (fill) sampling —
65 ] } =8 ]
I 8 7.0 629.0 _
s2 E] Ly 73 Sp M (e COARSE SAND (sp). moist, loose fo_
_8 0— 13 alb v.o medium dense, homogeneous, (alluvial) -
) - * N
: : sa| 3 | 09| & - Flomop o’ :
| 95 3 = O _
g
T 7] s4 9 09 | g0 g M ... S-4 through S-8 pieces of weathered .
1 0~ 12 a1-b ... sandstone =
. 5 D. ™ B
T T ss| s |w|e| - | T m % T
_1 2 5_ [ a-1-b .. ]
12, ; . _
I - b e _
s6| 3 | o4 | z ! M e
14.0] 5 i O B
B NE o ]
T st e ||| - | T wle® B
115.5 10 > :o: |
3
] . _
ss| 4 [og| g0 Flow '.®
P a1-b —
B : so | 4 o2 ]| 13| - Tl om )% N
18,5 8 o e ]
I 6 1% |
[ s 7 [or| & | - Tb M %0195 616.5 _
[20.0 8 > [

MNOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATIONAND SHOW DEFTHS




ENGINEERS FIELD BORING LOG

PROJECT NAME _WVDOH Scour COUNTY _Kanawha

PROJECT LOCATION _Leatherwood Bridge

BORING NO.LEA-02-2011
SHEET_2 OF_2 _
DATE: START _6/24/11

STATION OFFSET FROM GENTERLINE oG END_G2411
NORTHING EASTING ELEV. 636.0
- % o ;-i E o =
) I w0
c |25 |55\ B /52|38
£|28|23|8218/+52| /5 § DESCRIPTION REMARKS
§|32(82(8 B/ 3 82|/ % o
3 E a | = § a2 -
[ Sandy CLAY (cl), moist, stiff,
~ Tanl & |15 © | Ioln 20'\5\hornogeneous. (residual) (continued) ;e'l—sé —
— - ' 100 ’ 228 L2 Clayey GRAVEL {(gc), moist, medium -
21.5 2 dense to very dense, homogeneous, _
o] 5128 o7 | 100 ® | m ,g"w pp o "oSidUaI shle) -
22 21 s = 0] 22. 1 g —
. 500.2 226 75 CLAYSTONE, gray, very soft, slightly fo Started coring at 1205 hrs. _|
% freshly weathered, intensely to thinly
] & 2z | 190 72 bedded (RD= 0°to 30°), extremely = ]
T ] 0 ¢ Sy Mt RAMS (D= | A1 12061518 . ]
245 _ 22.9-23.2' vertical fracture
L. 72N 250 611.0
= Clayey SHALE, dark %r?ny. soft, freshly R-2: 1226-1236 hrs.
= = o wealrl)ered. inlt'a{?sely - inated ledD= 0° —
L ] to 10°), very wide to closely spa
ne i 50 fractures (HD= 0°to 309, RQD=60% Completed hole at 1335
hrs. 6/24/2011 —
27.5] 275 608.5 ]

Bottom of borehole at 27.50 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIE BORING LOCATIONAND SHOW DEFTHS
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Figure 3 -- Field sketch of Leatherwood Bridge, looking downstream.
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Figure 4 -- Field sketch of Leatherwood Bridge, looking at right abutment.
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Figure 5 — Field sketch of Leatherwood Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*.

Leatherwood
[

presumed mode of scour:

dislodgement and erosion / flaking

B LEA-01, 15.7'-16.2' (Ss)
A LEA-02, 22.2'-23.0' (Clayst)
# LEA-SEXP01-02 (Ss)

O LEA-SEXP01-01 (Sh)

y = 2.49E-04x - 2.06E-03
R? = 8.74E-01

Stream Power (ft-lb/s//ft?)

10.0

1.6-03 |
8.E-04
A
1“_:— 6.E-04 @
s y = 1.76E-03x - 1.68E-03
a R2 = 9.99E-01
=}
o
a *
o 4E04 O
y =4.65E-05x - 2.13E-05 | o/
R? = 5.84E-01 @/d o
o
.
2.E-04
A 246
B *
y = 3.35E-05x - 8.42E-05
2 - -
R? = 6.29E-01 R
A
0.E+00 !
0.0 2.0 4.0 6.0 8.0

Figure 6 — Data from modified slake durability tests and calculated values of GSN* and R**for
Leatherwood samples.
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2 - Fifth Street Ritter Park

Field Results
Geology.

At the Fifth Street Ritter Park bridge site the bridge abutments are set in the
Casselman/Glenshaw Formations which together comprise the Conemaugh Group and cover in excess of
3,100 square miles extending from Wayne, Cabell, and Mason Counties in the southwestern portion of
the state to Monongalia, Preston and Mineral Counties in the northeastern portion. The Casselman/
Glenshaw Formations also cover part of Hancock County in the northern panhandle and Wirt and
Pleasant Counties adjacent to the Ohio River in the north-central part of the state. The Casselman/
Glenshaw Formations are thickest in the northeastern part of the state, up to 850 feet, and thinner,
approximately 500 feet, in the western part of their distribution.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock geology at the
Ritter Park bridge consists of gray, shaley sandstone in the TZ below both abutments. The cores from
RIT-001-2011 and RIT-002-2011 are described as soft to average hardness, with very thin to medium
bedding and some fracturing, including four vertical fractures in core from RTI-001-2011. Numerous
micaceous stringers within the sandstone were noted in both cores. Boring logs and field sketches are
shown below.

Rock Quality Designation (RQD).

RQD of core recovered from RIT-001-2011 ranged from 0 to 46%; RQD of core from RIT-002-2011 was
83%.

Scour Mode and Magnitude

Areas of scour at the Fifth Street (Ritter Park) bridge are shown on the field sketches below.
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Figure 7 — Boring Log 1 for Ritter Park (5™ Street) Bridge

e ENGINEERS FIELD BORING LOG BORING NO. RIT-01-2011
REPRODUCE LOCALLY
SHEET_1 _OF_2
PROJECT NAME _WVDOH Scour COUNTY _Cabell DATE: START 6/23/11
PROJECT LOCATION _5th St. Ritter Park : —amm
STATION OFFSET FROM CENTERLINE 0. END_E211
NORTHING EASTING ELEV.___5560
STATE RT. NO. _827 SECT. SEGMENT _ OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _Jim ins/L.G He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline Split Barrel
CASING: SIZE: : DEPTH: ; WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD H DATE: __8111  DEPTH: 4.0 TIME: 14:05 DATE: _ 62311
Checked = No Recorded Water Reading Measurements []
- % = :—i EC | o =
Floz |tz & Eo |8 =z
L Zw|wg (u_ B oz |3 2
w e o s B w 2/0
E 28|23 |832RB/=|E2]| /& § DESCRIPTION REMARKS
il g & g &= s E 2 Q
2138|38(¥ [735]8B|/ 4 ¢
0.0 UNSAMPLED Started hole at 1200 hrs.
= 6/23/2011 -
[ Sunny/82 degrees
T ~Bottom of Abutment at
[ 543" —
- < A1 . —
L ] Sand trap used for all soil |
FF = sampling =
oo s Sandy CLAY (dl), b d oy ]
2 cl), brown, moist, medium
= = ’ sc | | L stiff to medium stiff, homogeneous, SeL.5 =i
- 51 4 1.5 100 - = M o7 \ta]luvnal) /
g X po —
| 9.5 8 i o2 Clayey SAND (sc), brown, moist, _
g L2 medium dense, homogeneous, (alluvial)
. = ol =
| | s2| 4 |18 [100] - : M |67 105 545.5 ot
11.0 8 a2-6 . Medium Grained SAND With Gravel
r 3 L] (sp), reddish-brown, moist, medium =1
_ o ® | 11.5dense, homogeneous, (alluvial) 544.5 al
. .| 88 14 14| @3 = 2 L [E Clayey GRAVEL (gc), black, moist, o
125 22 226 e o dense to very dense, homogeneous,
I 3 ,:“ (residual sandstone) —
F 71s4| 10| 14| 100 “lom |08 Started coring at 1256 hrs. ]|
[13.9] 50/0.4 a26 [° o 13.9 542.1 il
— : Shaley SANDSTONE, gray, soft o T
R ) average hard, slightly to freshly -
L | Ay o0 | % : weathered, intensely to medium bedded
a / (RD= 0°to 30°), extremely closely to R-1: 1256-1259 hrs.
= = / widely spaced fractures (RD= 0°to -
116.0 204 o
T . o | ™ ] micaceous stringa?rfsr;hroughom ll
- .0 - i 15.5-15.7" verti cture 9. —
- - b7 i 17.1-17.2' near vertical fracture R-2: 1303-1315 hee. =
L / 19.0-19.7" very broken |
119.0 / |
) / R-3: 1320-1330 hrs.
- I
NOTE: DRAW STRATFFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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- e ENGINEERS FIELD BORING LOG BORING NO. RIT-01-2011
REPRODUCE LOCALLY
SHEET_2 OF__2
PROJECT NAME _WVDOH Scour COUNTY _Cabell DATE: START _6/23/11
PROJECT LOCATION _5th St. Ritter Park ' m
STATION OFFSET FROM CENTERLINE 0.G END_B23A1
NORTHING EASTING ELEV. 5560
=
<5 | = e = E o 2 =
s |55z B /|52|8/| &
T |wk|os el o] e =/0
E|28|23|858/2|8%| /5 § DESCRIPTION REMARKS
e 130|329 B ZlSE ©
Fla glal X
: Shaley SANDSTONE, gray, soft to
] average hard, slightly to freshly -]
= o weathered, intensely to medium bedded p
. (RD= 0°to 309, extremely closely to
T s R - very \(Nidely sg)ced fractures (RD= 0°fo 5
— 90°) (continu
2 A G el Completed hole at 1430
I 45 19.9-20.1" vertical fracture ) _
21.2-21.3 vertical fracture hrs. §/23/2011
__24.0_ ' 24.0 532.0 ]

= Bottom of borehole at 24.00 fest. ~

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 8 — Boring Log 2 for Ritter Park ( 5 Street) Bridge

R 1 ENGINEERS FIELD BORING LOG
REPRODUCE LOCALLY

PROJECT NAME _WVDOH Scour COUNTY _Cabell

PROJECT LOCATION _5th St. Ritter Park

STATION OFFSET FROM CENTERLINE

NORTHING EASTING

STATE RT. NO. 527 SECT. SEGMENT OFFSET

INSPECTOR _Nichole Wendlandt

DRILLERS NAME/COMPANY _dJim

EQUIPMENT USED _CME 45

BORING NO. RIT-02-2011
SHEET_1__OF_2

DATE: START _6/23/11 _
0.G END_&23711
ELEV.___ 5560

ins’/L.G. He! Drilli

DRILLING METHODS _Hollow Stem Auger/SPT/NX Wireline Split Barrel

CASING:SEZE: _______ DEPTH: WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD ; DATE: __81/11 DEPTH: __7.00 TIME: __10:45  DATE: _623/11
Checked = No Recorded Water Reading Measurements []
- e 5}-: ET 9 b
|2 |az|E_[E /|55 |8/ B
z|23|83|388 A 2 g DESCRIPTION REMARKS
5|22 |3 g 8 |z ég 2 o
S |8 :ao|*® § &£ 2 2
00 UNSAMPLED Started hole af 0820 Frs.
- 6/23/2011 =]
S Cloudy/75 degrees
T ~Bottom of Abutment at
I 547 _
= - A1 - I
80 80 _
3 Sandy CLAY With Trace Gravel (d),
T 1 a1 | 2| og pp | M brown, moist, medium stiff, =
- = . 80 | os0 & homogeneous, (alluvial) _
| 9.5 3 _|
1 . PP cl
Mol =2 |sooa| *° | ¥ |2m A M 104 545 6| Started coring at 0923 hrs. |
7 Shaley SANDSTONE, gray, soft to =
— 82 average hard, slightly to freshly —
R1 14 - weathered, v thinly to medium bedded
Rl 75 (RD= 0°to 10, very closely to R-1: 0923-0928 hrs. .
E widely spaced fractures (RD= 0°to 457, —
e RQD=83% -
| 100
- 5 " 24 i micaceous stringers throughout R-2: 0932-0938 hrs. I
1 14.0 _
. 100 R-3: 0945-1000 hrs. 7
— - R2 50 . —
— 86 —
[19.0] o
100 R-4: 1010-1020 hrs.
@

NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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2 ENGINEERS FIELD BORING LOG

( )
REPRODUCE LOCALLY

BORING NO. RIT-02-2011
SHEET_2 OF_ 2

PROJECT NAME _WVDOH Scour COUNTY _Cabell
= : 6/2311

PROJECT LOCATION _5th St. Ritter Park i ST““TW
STATION OFFSET FROM CENTERLINE 0.G FEND 82311
NORTHING EASTING ELEV.____ 5560

- |33 |z5|, E /s gla/l s

< |Z# |38 5.."5‘ cg |3/l E

£ |28 (23 (3518/2|52| /5 & DESCRIPTION REMARKS

5 |30 (82 g B 5|8 £1/9 o

S 18|45 g|es g 2

Shaley SANUS TONE, gray, soft to
~ average hard, in?htIy to freshly -
L - Rpa 40 weathered, v thinly to medium bedded =
100 (RD= 0°to 109), very closely to very

. - widely spaced fractures (RD= 0°to 459, Completed hole at 1100
- - = RQD=83% (continued) hrs. 6/23/2011 —
[23.0] 23.0 533.0 B

Bottom of borehole at 23.00 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Lab Results

Modified Slake Durability and GSN*

Ritter Park
1E-03
presumed mode of scour:
n
eorsion / flaking and
dislodgement
B.E-04 -
y = 1.49E-04x - 3.97E-04
o 6E-04 ———— R?=9.78E-01 —
£
<=
a
4
a
e
3 A _ |4 WRIT-01, 14.1-14.6
b A ARIT-02,10.5'-11.0
S aE-04 A
A y = 2.45E-05x + 2.77E-04 A
R?=4.12E-01
| A
2E-04
0.E+00
4.0 5.0 6.0 7.0 8.0 9.0

Stream Power (ft-1b/s//ft2)

Figure 9 -- Data from modified slake durability tests and calculated values of GSN* and R*? for Ritter Park
(5" Street) Bridge samples.
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3 - Little Sandy Creek

Field Results
Geology.

At the Little Sandy Bridge the bridge abutments are set in sandstone belonging to the
Pennsylvanian- and Permian-age Dunkard Group, a series of non-marine sedimentary strata. These
rocks cover approximately 2,200 square miles over 14 counties in the northwestern part of West
Virginia. The Dunkard is typically over 450 feet in thickness.

Based on rock core extracted from two boreholes drilled in June 2011, subsurface bedrock at
the Little Sandy bridge consists of gray, fine- to medium-grained sandstone with micaceous, stringers in
SAN-001-2011. In core from SAN-002-2011 approximately 2 feet of blue-gray, clayey shale overlies gray,
fine- to medium-grained sandstone within the TZ. The clayey shale is described as very soft and heavily
fractured with numerous laminations. The underlying sandstone is described as hard with very thin
bedding, and one vertical fracture. Boring logs and field sketches are shown below.

Bedrock upstream of the bridge consists of silty, fine-grained sandstone with abundant
micaceous and carbonaceous stringers. This rock is cut by single joint set oriented approximately 45°
relative to the direction of the stream channel. Individual joints are widely-spaced (~3 meters) and filled
with mica flakes.

Rock Quality Designation (RQD).

RQD for sandstone from SAN-001-2011 was 75%. RQD for clayey shale and sandstone from SAN-002-
2011 was 17% and 99%, respectively.

Scour Mode and Magnitude

Areas of scour at the Little Sandy bridge are shown on the field sketches below.
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Figure 10 — Boring Log 1 for Little Sandy Bridge

b Do ENGINEERS FIELD BORING LOG BORING NO.SAN-01-2011
REPRODUCE LOCALLY SHEET 1 _OF_ 2
PROJECT NAME _WVDOH Scour COUNTY _Jackson DATE: START 8/22/11
PROJECT LOCATION _Little Sandy Creek : _822.'11
STATION OFFSET FROM CENTERLINE oG END G221
NORTHING EASTING BEY W28
STATE RT. NO. _10/3 SECT. SEGMENT __ OFFSET ____
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _Jim ins/L.G. He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline Split Barrel
CASING: SIZE: : DEPTH: ' WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD H DATE: __ 8411  DEPTH: 42  TIME: __12:00 DATE: _ 62211
Checked = No Recorded Water Reading Measurements []
=
S FEAE
£lsu|ag|E g /|8 2/o| E
E |2 § S5232R/.|2 2 § DESCRIPTION REMARKS
s |35 (82| B/E|88|/2
8|3z (43| 8 85|/ ¥ ¢
o0 UNSAMPLED Started hole at 0825 frs.
= = 6/22/2011 =
T Sunny/72 degrees Hl
= - At - i
. = ~Bottom of Abutment at
. 583 -
| 40 4.0 588.0 al
33 e iCoha;rgre SAN{Ij:)Wr:h Trace C;rjave! (dsgll,
= o= ; sp . ight brown, dry to moist, medium dense =]
_5.5_ s1 | 30 l 1.5 | 100 - 5 D .. to dense, homogeneous, (alluvial) Stream pH-8.3 —
C ] 3 ana i
T ] se| || g| - | T om|, i
7.0 10 3 ‘7.0
) . Coarse SAND With Trace Gravel (sp), ]
~ 7 ss3 5 1.1 sp ot light brown, moist, loose to medium —
I : 3 ) - .. dense, homogeneous, (alluvial) —
85 5 =2 _
C ] 10 . ]
| sS4 ] 1.3 a7 - s.p M '.'. 9.5 582.5
10.0] 1" a3 Sandy CLAY With Trace Gravel (), T
r 0 reddish-brown, moist, medium stiff to —
I o 10.5stiff, homogeneous, (alluvial) 581.5 -
| | Ss 3 15 | 100 - - M Lean CLAY (cl), dark brown, moist, ]
1.5 3 a-6 medium stiff to stiff, homogeneous,
r " (alluvial) T
T Jss| ¢ |5 || - | Y| m ]
[13.0 6 =6 |
— — 3 —
L] 57 3 1.5 100 - cvl M —
145 5 =6 |
L] 8 | 15.0 577.0 B
se w0 |15 || - | 5| m Cean CLAY With Trace Gravel (), dark
. a6 ray, moist, very stiff, homogeneous, -
| 16.0 12 residual) _ _
n - a0 16.3 575.7) Started coring at 1030 hrs.
Fgg] S° 0.8 | 100 - p M o 11685 GRAVEL (gp), dark gray, moist, 75 o —
L 5003 al-a - very dense, homogeneous, (residual) ]
v Fine to medium grained SANDS TONE,
~ 7 | 100 = gray, average hard, slightly to freshly n
- - B 2.2 - v weathered, v inten to v thinly bedded B-1: 1030-1035 hrs —
I 0 " (RD= 0°to 30°), extremely closely to : : |
19.0 o widely spaced fractures (RD= 0°to
i 100 oo 809 RAD-75% R-2: 1038-1042 hrs. m
7 o o micaceous stringers throughout ]
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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EDeN Nt ENGINEERS FIELD BORING LOG BORING NO.SAN-01-2011

REPRODUCE LOCALLY SHEET_2 OF_2
PROJECT NAME _WVDOH Scour COUNTY _dJackson DATE: START _6/22111
PROJECT LOCATION _Little Sandy Creek 2 _6/22/1
STATION OFFSET FROM CENTERLINE 0G END 82211
NORTHING EASTING ELEV.____ 5920
- g e ; % o =
Flox | ww E (i ’,“3 Q z
Cl2g|az|E_[E/|E5(8/,| E
Z|28|23|8¢8 3 52|78 3 DESCRIPTION REMARKS
% |32|8z|8 P/ 5(85|/% 2
r|a° gl e = T
R-2 25 v Fine to medium grame_ed SANDSTONE,
= = 100 gray, average hard, slightly to freshly ]
I 5 v weathered, v inten to v thinly bedded _|
21.5 84 v (RD= 0°to 30°), extremely closely to
i v, ve-ay)widel spaced fractures (RD= 0°to ]
. ] < 60°), RQD=75% (continued) =1
™ 7 Ra 25 | '@ i R-3: 1046-1051 hrs.
. 100 v =
— — \/ —
1240 v —]
I v
T o R-4: 1100-1110 hrs. ]
R-4 U = )
- | P W Completed hole at 1200
- v hrs. 6/22/2011 -
[27.0] V| 270 565.0 B

= Bottom of borehole at 27.00 feet. —

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 11 — Boring Log 2 for Little Sandy Bridge

25 ENGINEERS FIELD BORING LOG BORING NO,SAN-02-2011
REPRODUCE LOCALLY
SHEET. OF _2
PROJECT NAME _WVDOH Scour COUNTY _Jackson s ez
PROJECT LOCATION _Little Sandy Creek : o
STATION OFFSET FROM GENTERLINE 0.G END_S21
NORTHING EASTING ELEV. 5610
STATE AT. NO. _10/3 SECT. SEGMENT ___ OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dim ins/L.G. He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline
CASING:SIZE: __ DEPTH: 3 WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD s DATE: __81/11 _ DEPTH: a0 TIME: _14:15 DATE: _6/22/111
Checked = No Recorded Water Reading Measurements []
~3 | o« § % g ) =
E 2 ; ﬁ ? E & w1 g E
- |ag|sz|eaf/ |Ba |3/
£ |28 |23|828/2|62| /& g DESCRIPTION REMARKS
& 136|828 B ZlsE @
@ g|larl x
0.0 VOID Started hole at 1220 hrs.
= 6/22/2011 =
T Cloudy/78 degrees
R —
7 ~Bottom of Abutment at
] 581" =
50| 5.0 586.0 ]
4 | Sﬁi;rndy CnlfiA: (cl), brown, m(of:ﬁg medium
= o ; pp | © stiff to stitf, homogeneous —
[ (st | 9 |os || i | ™ ogen ’
65 3 a6 a
, cl
S ‘ P -
| | s2| 4 o5 | m | | - M _
8.0 4 =8
= 8.2 582.8 —
| 2 - oe Fine Clayey SAND (sc), brown, moist to |
53 2 14 | a3 - 2 M b wet, very loose to loose, homogeneous,
(o5 | 5 a2-6 e (alluvial) 7
I o8 ]
se| 2 [1wz]|a| - |F | mp,
_1 1.0_ P a26 ‘u-" 1
‘ 2 = Clayey GRAVEL G0, S .
- ; o o aye gc ray, mois -
S5 | 17 |13 | a3 - M LY ° very dense, homogeneous, (residual _
12.4 5000.4 a28 o8| 12.4shale) 578.6| Started coring at 1318 hrs.
— Clayey SHALE, blue-gray, very soft, ]
- T A 13 a freshly weathered, intensely Iammated —
| = o 5 7 (RD= 0°to 109, extremey closely to
14.0 = clo spaced fractures (RD=0%to R-1:1318-1322 hrs.
B 309), D=19% =
| =| 145 576.5 h
o Fine to medium grained SANDSTONE,
= gray, average hard to hard, freshly —
= 1 ad weathered, v inten to thinly bedded
v (RD= 0°to 30°), very close to very R-2:1328-1338 hrs.
— 100 . widely spaced fractures (RD= 0"to 909, .
— - R2 50 | . o RQD=99% —
S 88 v —
L " _
- j 18.8-19.1' near vertical fracture 7
18.0 s ]
10 ol R-3: 1345-1355 hrs.
100 /
NOTE: DRAW STRATIFICATION LINES AT THE APPRONIMATE BOUNDARY

BETWEEN SOL TYPES FOR THE BORING LOCATION AND SHOW DEFTHS
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o ENGINEERS FIELD BORING LOG BORING NO.SAN-02-2011
REPRODUCE LOCALLY SHEET 2 OF 2
PROJECT NAME _WVDOH Scour COUNTY _dJackson DATE: START _6/22/11
PROJECT LOCATION _Little Sandy Creek ; s Ty
STATION OFFSET FROM CENTERLINE 0.c. END_&22111
NORTHING EASTING ELEV.___581.0

£ aé EE x 3 % 5 8 =

< |Ze|sz|s- B/ 25|38/ &

z |28 ag BZR /|52 I DESCRIPTION REMARKS

5 (35|32 (5 B/E(85|/8 S

e 5% 25| T § o i 3

" Fine to rnedlu? ag}:’a;ned SAI;leb IryUNE‘
= , avel to hard, fresh -
2wl pg A0 e arggmeredr?%eimen to thinly bedded =
100 v (RD= 0°to 309), very close to very

= - ¥ widely spaced fractures (RD= 0°to 809), Completed hole at 1430 |
- 100 7 RQD=99% (continued) hrs. &/22/2011 —
[23.0] vl 230 568.0 B

= Bottom of borehole at 23.00 feet. -

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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Figure 12 -- Field sketch of Little Sandy Bridge, looking downstream.
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Figure 13 -- Field sketch of Little Sandy Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*

Little Sandy

presumed mode of scour:
erosion/flaking

A SAN-02,12.4'-13.4'
@ SAN-SEXP-01-01
M SAN-01,16.8-17.4'

8.E-04
o
Note changein scale from previous graphs
7.6-04
6.E-04
e
=
°

SE-04 e
k)
= y = 7.15E-05x - 8.80E-05
f-4 R? = 7.63E-01
8 A
0 4804 __
2 /
H )
L= /
0
=
w

3.E-04 = *

f ‘/ y = 8.04E-05x - 1.90E-04
R?=9.73E-01
¢
2.E-04
‘A
1.6-04 x
£ | y=1.50E-08x - 4.23E-05
R*=9.41E-01
0.E400 | |
00 20 40 6.0 8.0

Stream Power (ft-1b/s//ft?)

100

Figure 14 --Data from modified slake durability tests and calculated values of GSN* and R**for Little
Sandy samples.
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4 - Grassy Run

Field Results
Geology.

At the Grassy Run bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian- age Allegheny Formation. The Allegheny Formation covers in excess of 1,400 square
miles over a large strip of West Virginia extending from Wayne County in the southwestern portion of
the state to Preston and Mineral Counties in the northeastern portion. The Allegheny is thickest in the
western parts of its distribution, up to 325 feet, and thinner to the northeast, where it is typically in the
range of 150-200 feet.

Based on core recovered from the TZ in the two boreholes drilled in June 2011, bedrock geology
at the Grassy Run bridge consists of gray to tan, medium- to coarsely-grained sandstone of average to
above-average hardness with numerous vertical fractures. The sandstone is thinly bedded with
micaceous stringers throughout.

Bedrock exposed underneath and upstream of the bridge consists of durable to non-durable,
thin- to medium-bedded (2-18 cm) sandstone. Regular jointing (0.8 to 1.2 m spacing) is evident
immediately upstream of the bridge, with all joints oriented 30° to 45° relative to the stream channel.

Rock Quality Designation (RQD).

RQD of core from GRA-001-2011 and GRA-002-2011 is 48% and 63%, respectively.

Scour Mode and Magnitude

Areas of scour at the Grassy Run bridge are shown on the field sketches below.

27



Figure 15 — Boring Log 1 for Grassy Run Bridge

FouNG: Do ENGINEERS FIELD BORING LOG BORING NO GRA.01-2011
REPRODUCE LOCALLY ) SHEET 1 _OF_ 2
PROJECT NAME _WVDOH Scour COUNTY _Marion DA S_T o T
PROJECT LOCATION _Grassy Run Bridge ’ P
STATION OFFSET FROM CENTERLINE 0G END_62911
NORTHING EASTING ELEV. 1032.0
STATE RT. NO. _80 SECT. SEGMENT ___ OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dim ins’L.G He Drilling. Inc.
EQUIPMENT USED _CME 45
DRILLING METHODS _Casing Advancer/SPT/NX Wireline Split Barrel
CASING: SIZE: 3.25" 4 DEPTH: 142 WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD H DATE: __81/11  DEPTH: 14.8' TIME: 11:50 DATE: _629/11
Checked = No Recorded Water Reading Measurements []
-5 | o i: E o 2 =
Clsg|ag|E_E /|5E(g/| &
£ |28 %% BE B/ 52 £ § DESCRIPTION REMARKS
o | =3 O~ IO/ #| x »
w 4 g o
8|3z |38|% (7 3|8 |/ % ¢

00 UNSAMPLED Started hole at 0939 Frs.
i 6/29/2011 =]
T Sunny/70 degrees ]
S —
] ~Bottom of Abutment at
= = 1022 =
] Used casing due to nature |
= of surrounding materials —
| 5.0 5.0 1027.0 |

7 ac Clayey SAND (sc), brown, moist, loose Sand trap used for all soil
F s s | ag sc bo to very dense, homogeneous, (alluvial) sampling —
N ; 53 ) = I _
| 65 9 e 1 - )
- = ) ) sc H —
| | s2| s 12 | g0 : Moo |

8.0 5 a-2-6 ,g 3 ]
R 4 :eun =

s3 5 07 | 47 » M o6
x| 5 a2.6 J: ]
9.5 4 -
I 8 45 be _
| s4| 9 |0z | 2 , M aa&
[11.0 14 a-2-6 bo :
16 ,;Pg piece of sandstone in bottom of S5-4
~ | ss| @ | 15| 100 “ ol om | o8 spoon T
] 25| M fe ~
| 12.5 0 & of |
] 1 be |
s6| 42 |og || - | ¥ m :

14.0) 2 it [ a2 g
e 5 - 0] 14.2 1017.8 : =
_14.2: S7 leoio2 h 02 100 sc M - Wadiom 1o coarss grained Started coring at 1050 hrs. |

o 226 ) SANDSTONE, gray tan, average hard
[ P "y —
a1 20 § to hard, slightly to freshly weathered,
- 20 ' intensely to thinly bedded (RD= 0°to R-1: 1050-1100 h
6.2 ;o 309, extremely closely to very widely ~1:1030-1100 hrs. _
. o, spaced fractures (RD= 0°to 909,

R i RQD-=48% ]
7 o micaceous stringers throughout ]
~ 1 Re 25 | B ' 15.4-15.7" vertical fracture R-2: 1108-1116 hrs.

R - ; 15.7-15.9' pair of near vertical fractures —

v 16.4-16.6' vertical fracture
=% vl 4 19.8-19.9' near vertical fracture ]
l-19.21 / -
S 9'9 il —
NOTE: DRAW STHATFICATION LINES AT THE APPROXIMATE BOUNDARY .

BETWEEN SO TYPES FOR THIS BORNG LOCATION AND SHOW DEFTHS
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g O D481 ENGINEERS FIELD BORING LOG BORING NO.GRA-01-2011

)
REPRODUCE LOCALLY SHEET_2 OF_2

PROJECT NAME _WVDOH Scour COUNTY _Marion
i : 6/29/11
PROJECT LOCATION _Grassy Run Bridge DATE: STARTW
STATION OFFSET FROM CENTERLINE oG END_S=01
NORTHING EASTING ELEV.___ 10320
T S -
=2 = > =
£ 125|585 [ /|25|8/) &
Ll Zw g -
E|£2(23(328/|62| /5 8 DESCRIPTION REMARKS
o = w /o= | X
Bl3o|3z|8 B/ al3E|/9 <
cl2 gler T
& ~ Medium fo coarse grained
— SANDSTONE, gray tan, average hard - —
| ad to hard, slightly to freshly weathered, FL3: 1181125 frs. —
v intensely to thinly bedded (RD=0°to
~ 7] Rma 49 | o NV 30°9), extremely closely to very widely I
L * W spacpld fractures (RD= 0°to 909, Completed hole at 1210
| & RQD-48% (continued) Completed ho _
v 22.9-23.0' very broken s
| o -
-24.24 V242 1007.8 —

Bottom of borehole at 24.20 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIE BOAING LOCATION AND SHOW DEPTHS
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FORM NO: D-481
(12/89)
REPRODUCE LOCALLY

PROJECT NAME _WVDOH Scour

Figure 16 — Boring Log 2 for Grassy Run Bridge

ENGINEERS FIELD BORING LOG

COUNTY _Marion

PROJECT LOCATION _Grassy Run Bridge
OFFSET FROM CENTERLINE

STATION

NORTHING

EASTING

STATE AT.NO. _80

SEGMENT ____ OFFSET

INSPECTOR _Nichole Wendlandt

DRILLERS NAME/COMPANY _dJim

EQUIPMENT USED _CME 45

DRILLING METHODS

BORING NO.GRA-02-2011
SHEET_1 OF_2
DATE: START _6/28/11

0 END_62011
ELEV.__ 10350

ins/L.G. He Drilling. Inc.

Casil

Advancer/SPT/NX Wireli

CASING: SZE: _3.25"
CHECKED BY: _TLD

DEPTH: _10.68° WATER: DEPTH: TIME:

DATE:

DATE: 8111  DEPTH: _120° TIME:

8:50 DATE: __6/29/11

Checked = No Recorded Water Reading Measurements []

z ] T -
Floz |[EF = Eo |8 £
lSu|sz|E_E /|82 o| E
£ §8 3% Bz B/-|E2 = § DESCRIPTION REMARKS
0 3
&|30(3z|8 P/ 5|38|/% o
£ R= gleF =
0.0 UNSAMPLED Started hole at 0705 hrs.
— 6/29/2011 =
T Cloudy/68 degrees
T ~Bottom of Abutment at
[l 1023 -
7 Used casing due to nature |
= 5 of surrounding materials  —
T Sand trap used for all soil |
7.0 7.0 1028.0] 52" il
) o8 Cléaérgy S:ND (Sﬁ), brown, m0|51.a! wial
T Ist| 7 |0z ]| b MO medium dense, homogeneous, (alluvia 7]
85 8 226 ha Stream pH=8.9
5 08 7]
b o ‘ i ]
| | s2| 4 |05 m s M ’:g ]
[ 10.0 8 = pa gl
[ 106] 53 [® 06 | 100 = M ,g” 10.gP'eces of weathered sandstone in S-3 1024.4) Started coring at 0752 hrs. |
[ 50/0.1 2286 o Medium to coarse grained _
" wr | ™ ok SANDSTONE, gray tan, average hard
— - i 2 e to hard, slightly to freshly weathered, g : —
120 = ;2| otimasly o ily bedden (D= 0o Enoeumas,
) 307), extremely closely to velgowidely
T - ;o 5| fractures (RD=0°to 909, i
— - 7 . ) QD=63% e |
i 50 : ‘5 micaceous stringers throughout -2:0803-0810 hrs. |
14.0 P4 11.4-11.6' near vertical fracture —
L e 11.4'-11.5 very broken |
gl 13.0-13.1" near vertical fracture
ST v |
[ & ) . _
. o4 ", 19.4-19.6' stained near vertical fracture R-3: 0812-0824 hrs.
—_— AT 2 —
_— 70 ad _
%
e 2 —]
L i —
[ 19.0 pa il
100 j R-4: 0826-0832 hrs.
&7 i

NOTE: DRAW STRATIFICATION LINES AT THE APPRCXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS
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e ENGINEERS FIELD BORING LOG BORING NO.GRA-02-2011
REPRODUCE LOCALLY . SHEET__ 2 QF 2
PROJECT NAME _WVDOH Scour COUNTY _Marion }
i DATE: START _6/29/11

PROJECT LOCATION _Grassy Run Bridge 29/1
STATION OFFSET FROM CENTERLINE o.g. END_O2011
NORTHING EASTING ELEV.__ 10350

=la s o § é g 9 £

2 a2 |E /|8 |2/ B

Z|2g|az|3¢8 e/ |cg|7/2 3 DESCRIPTION REMARKS

& | =@ g g BIrL| Xz 0

g(32|%z|¢8 |7 3|8%|/ % 2

C| @ = g|ai T
] o 20.0-20.1" vertical ir_acture

— 30 100 W 20.7'-20.8' near vertical fracture Completed hole at 0910
= - hrs. 6/29/2011 —
I &7 ¥ _
122.0 vl 220 1013.0
= Bottom of borehole at 22.00 feet. —

NOTE: DRAW STRATFICATION LINES AT THE APPROXMATE BOUNDARY

BETWEEN SOL TYPES FOR THE BORING LOCATION AND SHOW DEPTHS
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Figure 18 -- Field sketch of Little Grassy Run Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*

Grassy Run
7.6-04
presumed mode of scour:
primary--dislodgement
secondary--erosion/flaking

6.6-04

S.E-04
g . A GRA-02-152'-15.9
§. B GRA-01-15.6-16.2'
S 4 GRA-SEXPO1-01
=
S A GRO2NL
Y 3E-04
g Linear (GRA-02-15.2*-15.9')

——Linear (GRA-01-15.6'-16.2')
Linear (GRA-SEXPO1-01)
2E-04
y=1.17E-04x - 8.31E-04 g -
R?=9.87E-01
P :
| |
1E-04 r~ ‘
mo A
y = 8.00E-05x - 6.25E-04 , ) | y=149E-04x - 1.26€-03
R*= 6.79E-01 - R?=5.27€-01
0.E+00 ' ' ‘
6.0 6.5 7.0 7.5 8.0 8.5 9.0

Stream Power (ft-1b/s//ft2)

Figure 19 -- Data from modified slake durability tests and calculated values of GSN* and R**for Grassy
Run samples.
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5 - Caldwell Run

Field Results
Geology.

At the Caldwell Run bridge site the bridge abutments are set in shale and coal belonging to the
Pennsylvanian- age Uniontown or Pittsburgh Formation, which together comprise the Monongahela
Group. These formations represent cyclical, non-marine deposits of sandstone, red and gray shale,
siltstone, limestone, and coal. Striking in a southwest-northwest direction, the Uniontown and
Pittsburgh Formations cover in excess of 1,800 square miles over a large part of the northwestern and
north-central parts of the state. These formations are found in Wayne and Cabell Counties in the
southwestern part of the state and extend to the northeast as far as Monongalia County and as far north
as Brooke County in the northern panhandle. The combined thickness of the Uniontown and Pittsburgh
Formations ranges from 170 feet in the northeastern parts of their distribution to 300 feet in the

western portions.

Based on core extracted from the two boreholes drilled in June 2011, bedrock geology in the top
half of the TZ at the Caldwell Run bridge consists of gray, clayey shale. The shale is underlain by
fractured coal and then gray, thin-bedded limestone. Both the shale and coal are described as soft and
heavily fractured. The limestone is less severely fractured than the overlying material and of average
hardness.

Surface exposure of bedrock at the base of both abutments is described as a non-durable, thinly
bedded (0.3-1.3 cm), silty shale. Two joint sets, oriented at approximately 45° and 30°relative to the
stream channel, intersect the surface bedrock. Individual joints are separated by 4 to 7 meters.

Rock Quality Designation (RQD).

RQD for the shale, coal, and limestone beds in CAL-01-2011 is 8%, 0%, and 72%, respectively. RQD for
the shale, coal, and limestone beds in CAL-02-2011 is 34%, 0%, and 72%, respectively.

Scour Mode and Magnitude

Areas of scour at the Caldwell Run bridge are shown on the field sketches below.
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Figure 20 — Boring Log 1 for Caldwell Run Bridge

Wk Dy ENGINEERS FIELD BORING LOG BORING NO,CAL-01-2011
REPRODUCE LOCALLY SHEET OF 2
PROJECT NAME _WVDOH Scour COUNTY _Ohio BATE. BTART. A
PROJECT LOCATION _Caldwell Run Bridge \ 62011
STATION OFFSET FROM CENTERLINE 0.G END__B2011
NORTHING EASTING ELEV.____ 7590
STATE RT.NO. 19 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline Barrel
CASING: SIZE: : DEPTH: H WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD : DATE: 8111 DEPTH: 20 TIME: 14:30 DATE: _620/11
Checked = No Recorded Water Reading Measurements []
~ % - :; =3 |
Flde |EE|z [ zu | 8 z
w 4 v () w T 7] E
— 1 E o Ef t;l s 8 oy | D/o =
z 23|22 |3218/:|62 |75 & DESCRIPTION REMARKS
g |35 2dlgT /2 3 jg‘ 3l S
3e (a8 |% |/ 8|26|/ 3 2
0.0 I 0.4 ASPHALT 758.6| Started hole at 1100 hrs.
] 0.7_BRICK 758.3) 6/20/2011 -
= UNSAMPLED —
T Cloudy/72 degrees
L ] a2 |
~Bottom of Abutment at
e 750° _
rs.o_ 5.0 754.0 :
5 i Silty SAND (sm), dark brown, dr?r,
: : &5 - 05 | m ) s‘m - |.o medium dense, homogeneous, (fill) :
| 65 7 i (o N
o o
Js2|w|og|e|-|"]| 0 P75 751.5 i
—8.0_ 40 a1-b .: Siity SHAVEL {gm), brown g(;ray! :urgl 1
- very dense, homogeneous, (resi Started coring rock at 12151
Loz 89 |2 |07 || - | ™| D fe ] g7 shal) 750.3] hrs. % -
9.0_[ AT P02 53 T 150 atlb Clayey SHALE, gray, soft, freshly
= weathered, im:an; laminated (RD= 0° R-1:1215-1220 hrs.
7 to 10%), extremely closely to very closely ]
- — R2 ap | 100 spaced fractures (RD=0°to 109, ]
i = RQD-g" .
111.0 —
R-2: 1228-1234 hrs.
] | e 13.7-14.0° highly weathered B
T =% § R-3: 1245-1255 hrs. m
14.0 14.0 745.0 a

COAL, black, soft, freshly weathered,
- - intensely bedded (RD= 0° to 109, -
L extremely closely to closely spaced -
fractures (RD= 0°to 90°), RQD=0%

I~ = 15.7 743.3 =]
L LIMESTONE, gergy average -]
| 100 freshly weathered, v thmly to lhtnly
i 5.0 - bedded (RD= 0°to 109, closely to very B-4: 1310-1322 hrs. ]
- 60 widely spaced fractures (RD= 0°to 909, —
il RQD=72% N
19.0 .
100 17.5-17.6' shale R-5: 1335-1345 hrs.
40

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOA THES BOAING LOCATIONAND SHOW DEPTHS
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PO i ENGINEERS FIELD BORING LOG

COUNTY _Ohio

PROJECT NAME _WVDOH Scour

PROJECT LOCATION _Caldwell Run Brid

STATION OFFSET FROM CENTERLINE
EASTING

NORTHING

BORING NO.CAL-01-2011
SHEET_2__OF _2
DATE: START _6/20/11
0.G END__62011
ELEV. 7590

uscs
AASHTO

TYPE/CORE RUN
BLOWS/05 FT.
ON SAMPLER
RECOVERY
(FL)
RECOVERY(%)
RQD (%)
POCKET PENT/
TORVANE (TSF)
H,0 CONTENT

DEPTH (FT)
SAMPLE NO.

DESCRIPTION

REMARKS

ks
ol

ZU

2

20.0-20.7" partially healed vertical

{
miractue

738.0

Completed hole at 1430
hrs. 6/20/2011 =

Bottom of borehole at 21.00 feet.

NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS

36




Figure 21 — Boring Log 2 for Caldwell Run Bridge

- - Ra a7 ~ COAL, black, soft, freshly weathered, 7

intensely bedded (RD= 0°to 109, —
extremely closely to closely spaced
fractures (RD= 0°to 90°), RQD=0%

18.4 741.6

100 R-4: 2625-1630 hrs.

T ENGINEERS FIELD BORING LOG BORING NO.CAL-02-2011
PROJECT NAME _WVDOH Scour COUNTY _Ohio PATE: START SIY |
PROJECT LOCATION _Caldwell Run Bri : ._,.____.._1
STATION OFFSET FROM CENTERLINE oG END_820M1
NORTHING EASTING ELEV.____ 7600
STATE RT.NO. 19 SECT. SEGMENT __ OFFSET __
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dim ins’L.G. He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS low /SPT/NX Wireline
CASING: SIZE: : DEPTH: : WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD ; DATE: __ 8411  DEPTH: _11.2° TIME: _16:50  DATE: __&20111
Checked = No Recorded Water Reading Measurements [
5| ;-:' EL E
AEHE R WAHAEAR:
T lu | S|>=18 oW 2/0| =
E|d8(23|3518/4| 62 £l § DESCRIPTION REMARKS
. =@ g ¥ § W/ e § g 2 o
a | & AR § 4= g 2
0.0 UNSAMPLED Starfed hole at 1500 frs.
= 6/20/2011 =
7 Cloudy/80 degrees
e ke ~Bottom of Abutment at
— — 748' —f
[ ] Stream pH=8.6 ]
:B.O— 8.0 752.0 :
2 - . Silty GRAVEL (sm), brown gray, dry,
= - g ~ w2 | s R or D b.. \;eh;lyad'ense, homogeneous, (residual =
—9.371 s a1-b ) e a3 750.7] Started coring at 1545 hrs. ™|
— - - Clayey SHALE, gray, soft, slightly to —
e 23 =] freshly weathered, intensely laminated _
A1 15 ; (HIOD= 0°to 105)% extreme R%osely to
= closely spaced fractures (RD= 0°to 1 =
[11.0 S0 AL o R-1: 1545-1553 hrs. ]
-y ™ = =
i ol - R2:1602-1610 hrs. |
7 11.2-11.4' stained vertical fracture ]
= vy 13.3-13.6' stained vertical fracture -
1 14.0 14.0-14.4' stained vertical fracture =]
] 16.1-16.4' highly weathered |
— & E 164 743.6| R-3: 1615-1622 hrs. 7

67
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIE BORING LOCATION AND SHOW DEPTHS
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e I it ENGINEERS FIELD BORING LOG

BORING NO.CAL-02-2011

PROJECT NAME _WVDOH Scour COUNTY _Ohio DATE: START _6/20/11
PROJECT LOCATION _Caldwell Run Brid : —ﬁm“
STATION OFFSET FROM CENTERLINE oG EMD__PAtAL
NORTHING EASTING ELEV.. __7oa8
5| e g ELZ | g =
E|s= |kl E /|ZE(8/| &
' | B Sf = o g = 8 .y | dfo 'E
E |28 g g 8ilo/a E z £ 3 DESCRIPTION REMARKS
o : =
B |32|35|¥ [/3[88|/9 2
E gleF =
[IMESTONE, gray, average hard, Completed hole at 1745
— — R4 a0 i freshly weathered, v thinly to thinly hrs. 6/20/2011 =
I z bedded (RD= 0°to 10°), closely to —
&7 medium spaced fractures (RD= 0°to |

22.030 9, RQD=72% (continued)

738.0

Bottom of borehole at 22.00 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 22 -- Field sketch of Caldwell Run Bridge, looking upstream.
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Figure 23 -- Field sketch of Caldwell Run Bridge: overhead view (right), east abutment (top left), and west
abutment (bottom left).
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Lab Results

Modified Slake Durability and GSN*

Caldwell Run
7.6-04
o presumed mode of scour:
primary--erosion/flaking
6.E-04 -
secondary--dislodgement
5.E-04
€ A
§ 4E-04 + # CAL-SEXP01-01
3 B CAL-01-14.7-15.7
= y = 2.49E-04x - 1.76E-03 L CALOrAE 6173
S y = 1.77E-04x - 1.07E-03 7 R*= 9.85E-01 T
‘g_ 3.E-04 Rz 6.71E-01 : Linear (CAL-SEXP01-01)
w O y Linear (CAL-01-14.7-15.7)
» | iR 2 " Linear (CAL-02-16.6-17.3)
2.E-04
* LA
| %] y=1.86E-04x-1.32€-03
1E-04 / R?= 9.20€-01 T
0.6+00
6.0 6.5 7.0 7.5 8.0 8.5 9.0

Stream Power (ft-1b/s//ft2)

Figure 24 --Data from modified slake durability tests and calculated values of GSN* and R*?for Caldwell
Run samples.
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6 - Paden Fork

Field Results
Geology.

At the Paden Fork bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian- and Permian-age Dunkard Group, a series of non-marine sedimentary strata. The
youngest rock formations in West Virginia, these strata cover approximately 2,200 square miles over 14
counties in the northwestern part of the state. The Dunkard is typically over 450 feet in thickness.

Based on the two boreholes drilled in June 2011, bedrock geology at the Paden Fork bridge
consists of fine- to medium-grained sandstone of average hardness. A gray to red, clayey shale,
approximately 1.5 meters thick, is present below the TZ in PAD-02-2011. Compared to PAD-02-2011,
sandstone from the TZ in PAD-02-2011 (adjacent to the left abutment) was notably more fractured,
more highly weathered, and contained shale interbeds.

Bedrock exposed both upstream and downstream of the left abutment consists of medium-
bedded (1.25-2 m) sandstone with secondary stratification in the form of cross-bedding. This rock has
weathered to a mostly non-durable condition, exposing thin lamina of 0.01 to 0.02 meters thickness.
Joints, oriented sub-parallel to the stream channel and widely spaced (1.8-3.0 m), intersect the surface
bedrock. A less prominent joint set, oriented 10° to 15° relative to the stream channel, is also present.

Rock Quality Designation (RQD).

RQD for the sandstone core recovered from PAD-01-2011 and PAD-02-2011 is 76% and 68%,
respectively.

Scour Mode and Magnitude

Areas of scour at the Paden Fork bridge are shown on the field sketches below.
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Figure 25 — Boring Log 1 for Paden Fork Bridge

S~ ENGINEERS FIELD BORING LOG BORING NO.PAD-01-2011
REPRODUCE LOCALLY SHEET__1 OF 2
PROJECT NAME _WVDOH Scour COUNTY _Wetzel DATE- S_TART e
PROJECT LOCATION _Paden Fork Bridge : om—
STATION OFFSET FROM CENTERLINE 0.G. END_&2111
NORTHING EASTING ELEV.____ 8090
STATE RT. NO. _262 SECT. SEGMENT OFFSET

INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilling. Inc. _

EQUIPMENT USED _CME 45
DRILLING METHODS w Stem Auge ) eline Split Barrel
CASING: SIZE: ; DEPTH: ; WATER: DEPTH: TIME: DATE:

CHECKED BY: _TLD H DATE: 8111 DEPTH: __123' TIME: __15:00  DATE: __ 62111
Checked = No Recorded Water Reading Measurements []
3 : s Jlec
= |32 |eg : E /|Ee|8/| &
- |z¢(sa|s. /a5 |3/ E
= ﬁ 9 @ ; Bt B/ lE=z = 3 DESCRIPTION REMARKS
% |30|8z|8 B/ 5|3E|/% o
o | & E 26 g, 00 2 2
0.0 UNSAMPLED Started hole at 1245 hrs.
Bl 8/21/2011 =
] Cloudy/78 degrees N
- = A1 . —
TR ~Bottom of Abutment at
. 709 -
[50] - Sandy GRAVEL (gc), brown, d B h -
18 & j oc oo gc), brown, dry, very tarted coring at 1330 hrs.
| 5.6 S 2 08 | 100 : O [2]56 danse, homogeneous, (resid 803.4 -
R . 100 a-2-6 W sandstone) -
L] A 1.4 N o Fine to rnediumh g?inegdgAN[r)ySTONE, " .
0 ray, ave ard, moderately to -1: 1330-1340 hrs.
L e gashly wamaﬂfered. v inten to v thinly =1
(— v bedded (RD= 0°to 10, extremely .|
s v closely to closely spaced fractures (RD=
7] R2 25 i vy 0°to 909, RQD=76% l
[ = i 1
o5 | v 5.6-11.5' interbedded shale il
: v 6.8-6.9' stained vertical fracture =
= 7 8.7-8.8" healed vertical fracture =
o 9.2-9.5' stained vertical fracture
7 10.8-11.2" stained vertical fracture ]
I v 11.5-23.0' micaceous stringers =
L v .
L | Rra T Wi =
— 78 v il
v
- \/ —
I o _
R v =
| 14.5 v _
[— v =
I v =
I v =
— — \/ pu—
Wi s 100 v
L % v i
v
g \/ —
([ N =
— - \/ —
|19.5 \, i
NOTE: DRAW STRATFICATION LINES AT THE APPROXMATE BOUNDARY .
BETWEEN SOL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS
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FORM NO: D481 ENGINEERS FIELD BORING LOG

(12/89)
REPRODUCE LOCALLY

BORING NO.PAD-01-2011
SHEET_2 OF_ 2

PROJECT NAME _WVDOH Scour COUNTY _Wetzel ; s
PROJECT LOCATION _Paden Fork Bridge DATE: START :;::1
STATION OFFSET FROM CENTERLINE 0.G END_82111
NORTHING EASTING ELEV.____ 809.0
-~ 5 @ ;:: E" o 9 =
£ |eE - & § @ 215 i
I |luE S35 g™ 3/0
Z(28|22(828/|E62| /% 3 DESCRIPTION REMARKS
o = =
Bl32|3z|8 P/ 5|88|/%4 2
@ g a2 x
L v
R-5 25 | 100 ' Completed hole at 1530
— d o hrs. 5/21/2011 -
e = 100 1
&4

22.0

787.0

= 7 Bottom of borehole at 22.00 fest.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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Figure 26 — Boring Log 2 for Paden Fork Bridge

- £ ENGINEERS FIELD BORING LOG BORING NO.PAD-02-2011
REPRODUCE LOCALLY
SHEET__1_OF_2
PROJECT NAME _WVDOH Scour COUNTY _Wetzel DATE: START _ 8/21/11
PROJECT LOCATION _Paden Fork Bridge ' m
STATION OFFSET FROM CENTERLINE oG END_®3VM1
NORTHING EASTING ELEV.____8060
STATE AT. NO. _26/2 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim ins/L.G. He! illing. Inc.
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow 1SPT/NX Wireline
CASING:SZE: _____ DEPTH: WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD : DATE: __81/11  DEPTH: _8&§ TIME: _11:20 DATE: 62111
Checked = No Recorded Water Reading Measurements []
- % — ;_'E- = =
Floe |G|z & cp |8 z
< (z@|gz|s & g |3/l E
E |28 |2 21328/ |52 £ 3 DESCRIPTION REMARKS
;58 (23]5°8 |52 | /3
88z |38 3 851/ 3 2
00 UNSAMPLED Staried hole at 0900 hrs.
= 6/21/2011 =
T Sunny/75 degrees
— Al - ]
T ~Bottom of Abutment at
L 708 |
:5.0_ 50 801.0 :
2 o0 Clayey SAND (sc), dark brown, dry, very Stream pH=8.3
= g 2 0z o N sf o Po loose, homogeneous, (fill) —
65 2 28 be {65 7995 _
2 Stii!ltTy CLAY (cl), brown, moist, medium
: : sz | & oz | a n?:o C_I M stiff to stiff, homogeneous, (alluvial) :
[ 8.0 8 = |
| 4 - 8.5 797.5 |
53 4 15 | 100 - A M| oo Clayey SAND With Gravel (sc), brown,
_g 5— 4 a26 pe o moist, loose, homogeneous, (alluvial) =
[ ] 8 ba ¢ 10.0 796.0 |
sa|l o |1e| | - | E| w2 Sandy GRAVEL With Clay (qc), brown,
- . 226 be wet, medium dense to very dense, —
1 11.0 o8 homogeneous, (residual sandstone) ) |
se leans!| o7 i oc M BE Started coring at 1024 hrs.
"11.81 il e - o8] 118 794.2 —
_ a26 " Fine to medium grained SANDS TONE, —
] gray, average hard, slightly to freshly _
R 22 100 ad V\Elegzherem v ir;ten to vllhin?: bedE)Edly
— y v (RD= 0°to 307, very closely to closel 1- =
| 3% y spaced fractures (AD 0510 309, R-1:1024-1030 hrs. 7
| 14.0 o RQD=68% |
I = ]
- 100 v . . -
R2 25 - v micacecus crossbeds throughout R-2: 1034-1041 hrs.
I o 7 _
| 16.5 d |
/N
] o _
~ 1 R 20 | % A4 R-3:1045-1055 hrs. |
~ 80 "1 183 787.7 —
[19.0] _
75 R-4:1105-1115 hrs.
45 =
NOTE: DRAW STAATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATION AND SHOW DEPTHS
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o Dt ENGINEERS FIELD BORING LOG BORING NO.PAD-02-2011
REPRODUCE LOCALLY SHEET 2 OF L
PROJECT NAME _WVDOH Scour COUNTY _Wetzel DATE: START _6/21/11
PROJECT LOCATION _Paden Fork Bridge : —612 ;
STATION OFFSET FROM CENTERLINE oG END_S211
NORTHING EASTING ELEV. 806.0
=la % e ::E %‘ o 8 =
&
AR EN YA AR:
z|28|23(3218/5|62| /5| & DESCRIPTION REMARKS
35|82 /2 §§ 2 g
o a
ﬁ E 3 o 8 = =
Clayey SHALE, red, soft, slightly fo
. § :'noderalzl)z thvg?thered, ilz)lensely y 1
- 4 R4 a0 aminate = 0°to 10°), extreme -
75 = 21'2clorsely to very closely spaced fractures 7248
o - \(FID: 0°to 10%), RQD=0% (continued) Completed hole at 1130
- Clayey SHALE, gray, soft, h’esh?fl_-1 hrs. &/21/2011 -
I weathered, inlensr:I!; laminated (RD=0° -
23.0 23.0to 307, widely to very widegosgaced

\fractures (RD= 0°to 309),

100%

783.0
/

Bottom of borehole at 23.00 feet.

MNOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY

BETWEEN SOIL TYPES FOR THIE BORING LOCATION AND SHOW DEPTHS
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Figure 27 -- Field sketch of Paden Fork Bridge, looking downstream.
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Figure 28 -- Field sketch of Paden Fork Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*

Paden Fork
7.E-04
presumed mode of scour:
dislodgement & erosion/flaking
6.E-04
SE-04
<
y = 2.98E-05x +1.53E-04 m
g R?= 1.34E-01 B
= 4E-04 | v =
-4 * A
8 y = 8.95E-05x - 3.446-04 /,/ . 4 A PAD-02118-12.4' R-1a
5 R?= 8.326-01 B o
3 3 ® PAD-01-2011 (11.0-11.5")
(%] |
G 3E-04 A=l 4 # PAD-SEXPO1-01
w } 4
X
"y
y = 7.85E-05x - 3.69E-04

2.E-04 R*=4.49E-01

1E-04

0.E+00

60 65 70 75 80 85 90

Stream Power (ft-1b/s//ft?)

Figure 29 -- Data from modified slake durability tests and calculated values of GSN* and R**for Paden
Fork samples.
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7 - Audra Park

Field Results
Geology.

At the Audra Park bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian-aged Pottsville Group, which includes the Kanawha, New River, and Pocahontas
Formations. Pottsville strata are predominantly sandstones, some of which are conglomeratic, along
with some thin shale and coal beds. These rocks cover approximately 6,000 square miles over 12
counties, extending from Wayne and McDowell Counties in the southwestern and southern parts of
West Virginia, respectively, to Preston and Tucker Counties in the north-central and northeastern
portions of the state. The Pottsville Group is approximately 200 and 360 feet thick in the western and
northeastern parts of its area, respectively, and thickens dramatically to over 3,800 feet in the
southeastern part.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock at the Audra
bridge consists of a hard, gray, jointed sandstone of medium- to coarse-grained texture. Core recovered
from the boreholes also revealed vugs, cross-bedding, and numerous fractures within the sandstone. A
soft, fractured siltstone was encountered below the TZ in AUD-01-2011, which was drilled to a lower
elevation than AUD-02-2011 due to location of the left abutment against the valley wall.

Bedrock exposed at the base of the left abutment is durable, coarse-grained sandstone with
beds averaging 0.3 to 0.9 meters thick. More massive beds, up to 1 meter thick, are also present. Cross-
bedding within surface exposure of the sandstone is prominent, with individual cross-beds
approximately 0.15 meters thick.

Three joint sets were recognized, one approximately parallel to the stream channel, a second
approximately perpendicular to the channel, and a third 40° to 50° to the channel. Spacing between
individual joints is at least 0.2 meters.

Rock Quality Designation (RQD).

RQD for the sandstone core recovered from the target intervals in AUD-01-2011 and AUD-02-2011 is
44% and 79%, respectively.

Scour Mode and Magnitude

Areas of scour at the Audra Park bridge are shown on the field sketches below.
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Figure 30 — Boring Log 1 for Audra Park Bridge

Fomu N D4 ENGINEERS FIELD BORING LOG S0RING NO AUBOT20T
REPRODUCE LOCALLY
SHEET_1_ OF__2
PROJECT NAME _WVDOH Scour COUNTY _Barbour DATE: START _6/28/11
PROJECT LOCATION _Audra Park Bri . ._._.____._aw .
STATION OFFSET FROM CENTERLINE 0.G END 628711
NORTHING EASTING ELEV.___ 16850
STATERT.NO. 11 SECT. __ SEGMENT __ OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim ing/L.G He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow Si /Casing Advancer/SPT/NX Wireline
CASING: SIZE: 3.25" 3 DEPTH: __23.1" ; WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD 4 DATE: __84/11  DEPTH: _22.0' TIME: __12:10  DATE: _ 62811
Checked = No Recorded Water Reading Measurements []
z| . e =
~5 | ke = =
z|£8(82|3218/-|62| /5| 8 DESCRIPTION REMARKS
] % o & = &z 7]
8 | Fo = gl E ol 8 5 3 2
= glar x
0.0 ASPHALT Started hole at 0820 hrs.
7 i 6/28/2011 =
] Cloudy/72 degrees
1.7 1.7 1683.3 =i
| 2.0{ A2 = UNSAMPLED
~Bottom of Abutment @
I . |
] Switched to casing at 2.0° |
7 Sand trap used for all soil |
. sampling ks
T Stream pH=8.8 ]
. . —
[ 19.0] 19.0 1666.0 ]
2 ap o}
T T s1 | 0 fos | ® N
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIE BORING LOCATIONAND SHOW DEPTHS
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gy ENGINEERS FIELD BORING LOG

REPRODUCE LOCALLY

PROJECT NAME _WVDOH Scour COUNTY _Barbour

PROJECT LOCATION _Audra Park Bridge

BORING NO.AUD-01-2011
SHEET_2 OF_ 2
DATE: START _6/28/11

STATION OFFSET FROM CENTERLINE 0G END_82811
NORTHING EASTING EEV.. 0
a2 |c5l, E /|38|8/ =
Cl2u|ag|E_& /|55|2/ | B
= w | o "
= é’ g g g § T é = B g = § DESCRIPTION REMARKS
o |38 w/ | 5
4 z|d |5 - Q
a |3 E Z0 § § E 2 T
e TS = w |o Sandy GRAVEL (gp], brown, wet, Toose |
* o
T [ s2| s (o8| | - | ®| w[e° Elaned coring rock at 1043
e o ; ; rs. ]
1220 3 al-a O0 _
6 » O
- s |05 ]| . P w o, —
1.23.1] a-1-a o {231 1661.9 -
L] 5001 | @ P Medium To coarse grained R-1:1043-1045 hrs. |
240 A1 0e ) . SANDSTONE, gray, hard, slightly to
R 0 & freshly weathered, intensely to thinly -
I N bedded (RD= 0°to 30°), extremely =
| e5 /S closely to very widely spaced fractures
| [ Yl a v|  (RD=0°t0909, RQD-44% R-2:1055-1105his. |
| 26.0 e N
v 23.4'-27.4' partially stained near vertical
I v fracture ]
s i i 24.7-24.8' vertical fracture -
| 100 ) 24.8-24.9' very broken
— - R3 w | . &£ 24.7-29.0° crossbedded and vuggy -
M 60 24 27.3-27.4' near vertical fracture R3: 19131118 hag —
] P 28.1" undulating fracture il 3 . |
129.0 /| 29.028.6-28.7" near vertical fractures 1656.0 |
7 SILTSTONE, dark gray, soft, slightly to
= v/ freshly weathered, intensely to v thinly =
R e bedded (RD= 0°to 10°), extremely —
vy closely tove wideIBspaced fractures
7 b (RD= 0°to 90°), RQD=38% ]
. 100 < R-4: 1124-1136 hrs. 7
- - R4 50 | - o —
I 38 7 _
/] 30.9-31.0" very broken
= L 32.9-33.1' near vertical fractures =
7 :«.-/ Completed hole at 1235
] o hrs. 6/28/2011 —
134.0 v ] 340 1651.0
= Bottom of borehole at 34.00 feet. —

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 31 — Boring Log 2 for Audra Park Bridge

B . ENGINEERS FIELD BORING LOG BORING NO.AUD-02-2011
REPRODUCE LOCALLY SHEET_1_OF_2
PROJECT NAME _WVDOH Scour COUNTY _Barbour DATE: START. 6811
PROJECT LOCATION _Audra Park Brid : .______1
STATION OFFSET FROM CENTERLINE 0G END G281
NORTHING EASTING ELEV.____ 16930
STATERT.NO. 11 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim insL.G Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS Hollow /Casing Advancer/SPT/NX Wireline
CASING: SIZE: H DEPTH: 160 ; WATER: DEPTH TIME: DATE:
CHECKED BY: Tl.D H DATE: __ 8111  DEPTH: __10.8' TIME: 15:15 DATE: _6&/28/11
Checked = No Recorded Water Reading Measurements [
=5 | e Eﬂ & o 2 e
E|sc|ihle & /|52|8/| &
- | ok sf|uLz oy | 3o
AEIEHEE 3 /| 53 = § DESCRIPTION REMARKS
e |35 |32|18 B/ Z S8 @
= glai x
00| A1 R ASPHALT Started hole at 1305 hrs.
Bl - 0.6 1692.4 ]
06 UNSANMPLED SIS
Partly Sunny/78 degrees
| | a2 -
~Bottom of Abutment
[ 30]] 3.0 1690.0] Sorey 1rap used in all soil ]
X = . al rap used in soil |
34 51 [sona| 03 [ 75 - g | W [o | 3.4 Sandy GRAVEL (gp), dark gray, wet, 1689.5| sampling
T R o0& | 100 - , \very dense, homogeneous, (residual Used casing due to nature |
| 4.0 5 a-1-a it sandstone) of surrounding material  —
L - ! Medium to coarse grained Started coring at 1335 hrs. _|
100 v SANDSTONE, gray, hard, slightly to
- = R2 20 . /N freshly weathered, intensely to thinly - -
L 50 V| bedded (RD- 0°t0 309, extremely Fiamsisarhe |
6.0 i closely to mdeg spaced fractures (RD=
7 0°to 909, RQD=79% R-2: 1340-1348 hrs. ]
I /N ]
100 o 3.5-3.6" stained vertical fracture
~- — B3 0| . ) 4.0-4.2 vertical fracture ]
I 80 o 4.9-5.0" near vertical fracture —
v 4.8-5.1" healed vertical fracture R-3: 1350-1358 hrs.
—9 D_ /N 6.9-7.0" very broken n
: ;v 7.0" to 16.0' crossbedded and vuggy —
— — / \/ -
I o -
— — /s \'/ pa—
R v —
- - Ra s | % ad -
I 80 2% ]
/S R-4: 1412-1430 hrs.
I y ]
R y ]
14.0 ) v ]
d 14.7-14.8' healded undulating fracture
I v ]
L v —
L] .| 160 1677.0 |
98 W) Coarse grained SANDSTONE, gray, R-5: 1437-1446 hrs.
— - RS 49 - ) hard, freshly weathered, v thinly to —]
I 70 ad medium bedded (RD= 0°to 30"}, —
v extremely closely to very widel
. s fractures (RD= 0°to 907, RQ 56% 1
T v 16.2 undulating fracture n
e 16.0-16.7" coal stringers ]
19.0 v 16.6-16.7" vertical fracture _
100 7 R-6: 1450-1456 hrs.
65 ,
NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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oy D ENGINEERS FIELD BORING LOG BORING NO.AUD-02-2011

REPRODUCE LOCALLY SHEET 2 OF 2
PROJECT NAME _WVDOH Scour COUNTY _Barbour i e W
PROJECT LOCATION _Audra Park Brid : .
STATION OFFSET FROM CENTERLINE 0G END_62811
NORTHING EASTING ELEV.___ 16930
b Rl a |w_ > B o
Z|d8|23|828/5|6%| 75 8 DESCRIPTION REMARKS
o [S§ %5 O~ wf ¥ x$ P
4 (32(8z|2 [/ 5|88(/9 2
rl|a g ae s
HE AU v 20.6-20.7 near vertical fracture Completed hole at 1535
. -l hrs. 11 ]
21.0 v| 210 177 imdniadee

= Bottom of borehole at 21.00 feet. =

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS
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Figure 32 -- Field sketch of Audra Park Bridge, looking downstream.
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Figure 33 -- Field sketch of Audra Park Bridge, looking at left abutment.
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Figure 34 -- Field sketch of Audra Park Bridge, overhead view.



Lab Results

Modified Slake Durability and GSN*

Audra Park
7.E-04
presumed mode of scour:
dislodgement

6.E-04

5.E-04
=
-
rey 4.E-04
‘2
a ® AUD-01,23.1-23.9'
§ M AUD-02,16.0'-16.7
o
G 3E0 A AUD-SEXP-01-01
w Linear (AUD-SEXP-01-01)

[
2E-04
y = 1.90E-04x - 1.52E-03
R* = 8.46E-01 ,l y = 2.41E-04x - 2.03E-03
1E-04 u R*=7.18E-01
9
AR
a* y = 2.83E-04x - 2.41E-03
2 |
0400 R® = 8.61E-01
6.0 6.5 7.0 7.5 8.0 85 9.0

Stream Power (ft-Ib/s//ft?)

Figure 35 -- Data from modified slake durability tests and calculated values of GSN* and R**for Audra
Park samples.
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8 — Laurel Fork

Field Results
Geology.

At the Laurel Fork bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian-age Allegheny Formation, which covers in excess of 1,400 square miles over a large strip
of West Virginia extending from Wayne County in the southwestern portion of the state to Preston and
Mineral Counties in the northeastern portion. The Allegheny consists of cyclic sequences of sandstone,
siltstone, shale, limestone, and coal. The formation is thickest in the western parts of its distribution, up
to 325 feet, and thinner to the northeast, where it is typically in the range of 150-200 feet.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock geology at the
Laurel Fork bridge consists mostly of gray to tan, medium- to coarse-grained sandstone. A thin (0.2 m or
less) carbonaceous shale occurs 0.2 meters and 0.8 meters into the target interval in LAU-01-2011 and
LAU-02-2011, respectively. The sandstone from both boreholes is described as average to above-
average hardness, thin-bedded, and heavily fractured.

Bedrock exposed upstream of the left bridge abutment is exceptionally hard, medium-bedded
(0.2-0.6 m) sandstone. The rock is also cross-bedded. Jointing is evident but not prominent in the
surface exposure. A single joint set is oriented at 40° to 50° relative to the stream channel. Based on
only two available measurements, joint spacing is irregular: 0.6 and 2.1 meters.

Rock Quality Designation (RQD).

RQD for the sandstone, underlying shale, and underlying sandstone in LAU-01-2011 is 0%, 0% and 50%,
respectively. RQD for the strata in LAU-02-2011 is 56%, 0% and 59%, respectively.

Scour Mode and Magnitude

Areas of scour at the Laurel Fork bridge are shown on the field sketches below.
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Figure 36 — Boring Log 1 for Laurel Fork Bridge

e L4t ENGINEERS FIELD BORING LOG BOFING NO,LALOL 2017
REPRODUCE LOCALLY SHEET_1_OF _1
PROJECT NAME _WVDOH Scour COUNTY _Upshur :
> DATE: START _6/27/11
PROJECT LOCATION _Laurel Fork :
STATION OFFSET FROM CENTERLINE oG END_82111
NORTHING EASTING ELEV.____ 14410
STATE AT. NO. _20/10 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim ins/L.G. He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline Split Barrel
CASING: SIZE: ' DEPTH: ' WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD y DATE: __81/11  DEPTH: __ 84  TIME: __10:35  DATE: _627/11
Checked = No Recorded Water Reading Measurements []
~ % - :; % c 8 =
Elsp|as|E_E /|85|8/)| &
= 4|0 L 2

AEIFHEA TACHVEE: DESCRIPTION REMARKS

o = w j o= | X

B|z2|3z|8 [/ 5[88|/% e

rFlae gle® -

0.0 UNSAMPLED Started hole at 0830 frs.
=] 6/27/2011 =
] : Partly Cloudy/70 degrees |
30| 30 1438.0 ]

18 P Clayey Medium To Coarse SAND (sc), ~Bottom of Abutment at
= sc ha brown, moist, medium dense, 1433’ ™~
- 81 9 12 | 80 § - M o[ homogeneous, (alluvial) =]
[ 45| 9 i o3 h
8 o8
[— = sC pao o T
s2 3 1.3 | & - K M o Sand trap used for all soil
[ 60| 9 a2-6 4 sampling —
= 7 p: —_
[ Jsa o |1e || - | T om [ 7
_7-5_ 7 a-2-6 %4 . Stream pH=8.3 N
i se | 07 “lom & _
_— 7| e " o . —
m 10 anb 2% e 1439 4 Started coring at 0930 hrs. ]

9.0 | R1 jS0O0.Y o4 | 100 ;o Medium to coarse grained

B - 9.3 SANDSTONE, tan, average hard, 1431.7] R-1: 0930-0935 hrs.
- - 0 = slightlmgeshl weathered, v thinly to —
] 10 == 10.4thinly bedded (D= 0°t0 309, very  1431.0 i
R2 25 _ \/ closely to closely spaced fractures (RD=
] 52 ;v °to 309, RQD=0% R-2: 0938-0943 hrs. T
— Carbonaceous SHALE, black, soft, —
11.5 v freshly weathered, intensely laminated |
o (RD= 0°to 109), extremely closely to
— / vel cl%'.eolz spaced fractures (RD= 0°to —
R ) 30°), =0%
[ | s 2e | ¥ "~ Viedium To coarss grained R-3: 0945-0952 hrs. 7
92 ~|  SANDSTONE, gray, average hard to
— ad hard, slightly to freshly weathered, ]
[ 14.0 v intensely to thinly ed (RD=0°to —
| s 30°), very closely to very widely spaced ]
n fractures (RD= 0°to 90%), RQD=50% Lost water at 14.5' (never
— L some micaceous stringers returned) =
] V| 131-132 vertcalfracture. 7]
T 15.7-16.1" stal vert racture _4: u
- - R4 4.0 30 j 16.6-16.9' vertical fracture R 09S-1004 hos. —
L 18 ) 16.9-18.1' crossbedded (1/4°-1/2") _
ad 18.2-18.4' vertical fracture
= = vy 18.7-18.8' vertical fracture Completed hole at 1055
— a4 hrs. 6/27/2011 —
- - (v —
1 19.0 /7| 19.0 1422.0
— Bottom of borehole at 19.00 feet. —
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOA THIS BORING LOCATIONAND SHOW DEFTHS
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Figure 37 — Boring Log 2 for Laurel Fork Bridge
L ENGINEERS FIELD BORING LOG BORING NO.LAU-02-2011
REPRODUCE LOCALLY SHEET_1_OF__ 2
PROJECT NAME _WVDOH Scour COUNTY _Upshur )
= DATE: START _6/27/111
PROJECT LOCATION _Laurel Fork Bridge 627/11
STATION OFFSET FROM CENTERLINE o.c. ENO_847T1
NORTHING EASTING ELEV._____ 14430
STATE RT. NO. _20/10 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim ing/L.G. He Drilli
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow /SPT/NX Wireline Barrel
CASING:SIZE: ______; DEPTH: WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD - DATE: __ 811 _ DEPTH: __17.1"  TIME: __13:54 DATE: _&27/11
Checked = No Recorded Water Reading Measurements []
|3 Slce ::i EG |8 =
AETEHER AEAYAE
z § g 52| BE é = BZ = 3 DESCRIPTION REMARKS
AEFAE o~ /2| ¥ : wl ©
8 |32|93 & alog -{ =
i glar <
00| A, ASPHALT Starfed hole at 1115 hr.s
0.87] 08 1442 2| 6/27/2011 .
L o UNSAMPLED =1
] Partly Cloudy/74 degrees |
I R ]
~Bottom of Abutment at
— 1433 n
5.0 5.0 1438.0 |
2 ag Clayey SAND (sc), dark brown, moist, Sand trap used for all soil
= | g3 3 i - ) Sﬁ ¥ pnm - loose, homogeneous, (fill) — sampling —
_3 5_ 2 a28 Sandy CLAY (cl), brown, moist, medium I
’ 2 dense to stiff, homogeneous, (alluvial) —
= pp | d —
| | s2| s 09 | 80 | 45| - M |
8.0 3 = _
I 2 | —
" Jsef e oo | w | 25) % | w §
X3 2 = _|
g -]
7] ! 10.3 1432.7 ]
St R B o | M [eE Clayey SAND (so), brown, moist, -
111.0 S 4 medium dense, homogeneous, ]
2 ag (residual)
I ac ]
ss | 7 14 | o3 B M e
12,51 7 a6 12 gPieces of sandstone throughout 1 4304 Started coring at 1243 hrs. ™}
12656 psop.1 O A 100 sc fM ‘; "~ Medium to coarse grained ‘
1 &y | e o SAr:dalr)dST{I:)hllﬂE, gra%etghn, average ggrd I
= - . y L= i to , sli to weathered, v 4.
[ 14.0 % «|  thinly 16 thinly bedded (RD= 0° 1o 309, F-1:1243-1246 s, _|
) extremely closely to closely spaced
= 100 A s 1fractures (RD=0°to 90°), RQD=56% P -
- - R2 20 i .1 micaceous stringers throughout 1427. )
L & —| 15%13.4-13.5 slajgd near vl;grlical fracturet A-2:1248-1253 hrs. _
16.0 . 14.5-14.6" stained near vertical fracture
o o Carbonaceous SHALE, black, soft, —
E— v slightly weathered, intensely laminated —
R ‘ (RD=0°to 10°), extremely closely
o d spaced fractures (RD= 0°to 309, R-3: 1258-1301 hrs.
- - R3 26 . v RQD=0% —
I 53 o . ) -
18.1"-18.6 stained vertical fracture
— - 20.3' to 20.4' near vertical fracture —
_19.0 | |
100 o R-4: 1310-1316 hrs.
] 7 ", Lost water at 19.0" (never ™|
NOTE: DRAW STRATIFICATION LINES AT THE APPROXMATE BOUNDARY

BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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FORM NO: Dt ENGINEERS FIELD BORING LOG BORING NO LAL.02 2011
REPRODUCE LOCALLY SHEET 2 OF 2
PROJECT NAME _WVDOH Scour COUNTY _Upshur DATE: START _6/27/11
PROJECT LOCATION _Laurel Fork Bri : —wznn
STATION OFFSET FROM CENTERLINE 0.G END_S&fil
NORTHING EASTING ELEV.___ 14430

cela % o E‘-& % g 8 =

T e g E & we | g o

z |uE (23328 / |c%(°/8 3

E|28|23|3518/2|52 gl § DESCRIPTION REMARKS

& |22 |82|8 [/ =|8F 21 I

o |3 E 258|= § gs 2| 2

\/ Medium to coarse grained returned)
F o SA!_P‘\lali)dSTPmE. gra 1aﬂiyave e h:érd -
L. d pa a0 to , slightly to freshly weathered,
100 v intensely to th?;\ly bedded (RD= 0°to Completed hole at 1405

i - " 30%), extremely closely to very widely hrs. 6/27/2011 =
- 7 v spaced fractures (RD= 0°to 909, ]
= ] |  RQD-59% (continued) |
123.0 23.0 1420.0

7 Bottom of borehole at 23.00 feet. =

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATIONAND SHOW DEFTHS
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Figure 38 -- Field sketch of Laurel Fork Bridge, looking upstream.
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Figure 39 -- Field sketch of Laurel Fork Bridge, looking at right abutment.
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Figure 40 -- Field sketch of Laurel Fork Bridge, looking downstream.
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Lab Results

Modified Slake Durability and GSN*

Laurel
7.0E-04
*
presumed mode of scour:
6.0E-04
dislodgement & erosion/flaking
A
5.0E-04
£ s0e04
£
4
o 4 LAU-SEXPO1-01
— |
3 4 LAU-01,10.0-105'
» &
o 3.0E-04 B LAU-02,12.6-13.2°
w
y = 1.20E-04x - 7.39E-04 & —— Linear (LAU-SEXP01-01)
2 =
R'=3.75c0 A Linear (LAU-01,10.0"-10.5')
1 &
ol |V — Linear (LAU-02,12.6™-13.2))
2.0E-04 -
.1/
B | y=2.06E-04x - 1.59E-03
+ R®=6.326-01
1.0E-04
L | Yy=5.31E-04x - 4.29E-03
R?= 7.19E-01
anill |
0.0E+00
6.0 6.5 7.0 5 8.0 85 9.0

Stream Power (ft-Ib/s//ft?)

Figure 41 -- Data from modified slake durability tests and calculated values of GSN* and R**for Laurel

Fork Bridge samples.
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9 - Roaring Creek

Field Results
Geology.

The Roaring Creek bridge site is located in the Valley and Ridge Province. The bridge abutments and a
single pier are set in sandstone belonging to the Mississippian-age Pocono Group, which is comprised of
the Hedges, Purslane, and Rockwell Formations. These formations are dominantly massive, hard, gray
sandstones with some shale. The Pocono Group occupies a thin, 400 square-mile band of outcrop in the
eastern part of West Virginia. These strata extend over parts of 15 counties, from Mercer County in the
extreme southeastern part of the state, to Preston County in the north-central part, to isolated
outcroppings in the eastern panhandle. Thickness of the Pocono Group ranges from 570-1030 feet in
the northeastern part of its area, to 525 feet in the west, to 350-900 feet in the southeast.

Based on the two boreholes drilled in June 2011, bedrock geology in the TZ at the Roaring Creek
bridge consists of gray, hard to very hard, fine-grained sandstone with inconsistent fracturing. Bedding
ranged from thick to very thick in ROA-01-2011 to very thin to medium in ROA-02-2011. A thin (0.3 m)
claystone was sandwiched between sandstone beds within the TZ in ROA-01-2011.

Bedrock at Roaring Creek was exposed over an extensive area underneath, upstream and
downstream of the bridge. This rock was durable sandstone with prominent jointing. Joint sets are well
represented; both sets are oriented approximately 90 ° to each other (i.e., “conjugate” sets) and 45° to
the channel upstream of the bridge. Spacing in the first set ranges from 0.9 to 3 meters; spacing in the
second set ranges from 0.22 to 1 meter.

Rock Quality Designation (RQD).

RQD in core from ROA-01-2011 and ROA-02-2011 is 75% and 50%, respectively.

Scour Mode and Magnitude

Areas of scour at the Roaring Creek bridge are shown on the field sketches below.
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Figure 42 — Boring Log 1 for Roaring Creek Bridge

Fmane: Dt ENGINEERS FIELD BORING LOG BORING NO.ROA-01-2011
REPRODUCE LOCALLY SHEET__1 OF 2
PROJECT NAME _WVDOH Scour COUNTY _Pendleton DATE: START 7HOA1
PROJECT LOCATION _Roaring Creek Bridge ‘ 11
STATION OFFSET FROM CENTERLINE 0. END_I111
NORTHING EASTING ELEV. 1762.0
STATERT.NO. 33 SECT. SEGMENT OFFSET
INSPECTOR _dJared Govi DRILLERS NAME/COMPANY _dJim ins/L.G. He Drilli
EQUIPMENT USED _HH 240
DRILLING METHODS _Hollow /Casing Advancer/SPT/NX Wireline
CASING: SIZE: 4.25" H DEPTH: 8.1 H WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW H DATE: _8111  DEPTH: 10.0° TIME: 11:00 DATE: _ 711141
Checked = No Recorded Water Reading Measurements []
> :
=3 |- = 33 =
£|35|55|8_E /|52|8/) &
z |z § @ z|3c e S 52| 7/t 8 DESCRIPTION REMARKS
a = (] (¥} ;_:P X
g4 |3e 5 z|d 9 2|8 % g Q
£|@ gler =
0.0 ASPHALT Started hole at 0700 hrs.
Bl - 0.6 1761.4] 7/10/2011 ]
UNSAMPLED
7 Sunny/60 degrees
T Drilling stopped by WVDOH |
- District 8-0 Bridge Engineer—
i L on 7/10/11 due to drilling  _|
restriction on weekends and
7 holidays I
= Resumed hole at 0700 hrs.—|
[ 7/11/2011, Sunny/80
degrees
. Switched to casing at 2.0' —
R due to boulders —
6.0 6.0 1756.0 |
41 o Sandy GRAVEL (gp), light tan and Stream pH=8.3
- 7 s a9 | 07| == - ® w p O brown, wet, very dense, homogeneous, =
° A
7.0 ata % (alluvial) —
| 7.5 Az 5002 ® g .
lg1] 82 |50 |05 e aial W [o}81 1753.9 , -
\S00.1 ® v Fine grained SANDSTONE, gray, hard Started coring at 0840 hrs.
7 B ) to very hard, freshly weathered, thickly I
- al-a i to v thickly bedded (RD=0°to 5°9), -
I o 100 v widely to very widely spaced fractures |
: @ | (RD= 0°to 109, RQD=75% R-1: 0840-0900 hrs.
] v
11.0 i |
o 11.2-12.2' claystone
I o ]
7] Re ar | ¥ v R-2: 0900-0920 hrs. ]
T 24 v 1
[ v ]
113.5 L 16.8-18.5 broken |
R i _
— ] v —
R-3 23 . v R-3: 0920-0935 hrs.
16.0 v
L o _
L V, _
m 7 R og | * e R-4: 0935-1000 hrs. ]
[ v ]
)
L v ]
[18.5 vy —
N
L 100 o R-5: 1000-1020 hrs. n
I 7| ms 25 | % % 7]
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY

BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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- ENGINEERS FIELD BORING LOG BORING NO.ROA-01-2011
REPRODUCE LOCALLY SHEET_2 OF_ 2
PROJECT NAME _WVDOH Scour COUNTY _Pendleton DATE: START _7H011
PROJECT LOCATION _Roaring Creek Bridge ' 111
STATION OFFSET FROM CENTERLINE 0.g END 11
NORTHING EASTING ELEV.____17620
<5 | e o § E [ =

ek |sd|E o SE8/| &

— wk | g s|z=B = w| 3/0

E|28|23 (328 /62| /8 3 DESCRIPTION REMARKS

G [Z2@ % 8 & =8 & 2 o

8132 38|28 7588|/ % ¢
Ea v
21.0 | 210 1741.0| Completed hole at 1100

. - —hrs— 720+t

I Bottom of borehole at 21.00 feet. -

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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Figure 43 — Boring Log 2 for Roaring Creek Bridge

! ENGINEERS FIELD BORING LOG BORING NO ROA-02-2011
REPRODUCE LOCALLY SHEET 1 OF 2
PROJECT NAME _WVDOH Scour COUNTY _Pendleton DATE: START ZAU11
PROJECT LOCATION _Roaring Creek Bridge : e
STATION OFFSET FROM CENTERLINE oc END_i1
NORTHING EASTING ELEv.____17630
STATE RT.NO. _33 SECT. SEGMENT OFFSET

INSPECTOR _dJared Govi DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilling. Inc.

EQUIPMENT USED _HH 240
DRILLING METHODS _Casing Advancer/SPT/NX Wireline

CASING: SEZE: __4.25" | DEPTH: __6.1" WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW ; DATE: 8411 DEPTH: __dry TIME: _16:00 DATE: _ 71111
Checked = No Recorded Water Reading Measurements [X]
~5| e ;‘ﬂ' E o 2 =
El(s=|tilz B /|ZE|8/| &
~ | w & o T 8 oy |30 &
£ |28 g g i/ Z = 8 DESCRIPTION REMARKS
a |35 g B/ ElSe @
8158/38|8 [7588|/ 3 ¢
0.0 | A - Il o5 ASPRALT 1762 5| Siarted hole at 1145 hrs.
(0.5 ~ UNSAMPLED TRt 7]
- Sunny/85 degrees ]
= 7 ‘na . ~Bottom of Abutment at
= o 1752 =
[ 60| 8.0 1757.0 il
6.1 h=>1 Asoo i AU 4 100 o= 4 ap D &1 Poorly Graded GRAVEL (gp], gray, dry,1756:9| Started coring at 1300 hrs.
— B E - v very dense, homogeneous, (fill) .
] B 13 5 - o ine grai , gray, har -
7.5 v to very hard, slightly to freshly |
s weathered, v thinly to medium bedded R-1: 1300-1310 hrs.
— o (RD= 0°to 157), very closely to very —
I widely spaced fractures (RD= 0°to 109, ]
4 o 2 | % d RQD=50%
- : o F R-2: 1315-1335 hrs.
I /v _
R " _
110.5 " _
—— NS —
I _'d —]
- ' 12.2' di
- 0 11.8-12.2' diagonal fracture R-3: 1335-1400 hrs.
~ — R3 5.0 1% - —
L 72 o _
— — 7 \/ -
I ;v —
R vy —
1155 ;o _
I =4 —
R v —
— — g \/
v, R-4: 1400-1435 hrs.
T 7| Ra sz | 3 v B
I ;o —
I ", _
— — v —

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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FORM NO: D-481 ENGINEERS FIELD BORING LOG

(12/89)
REPRODUCE LOCALLY

BORING NO.ROA-02-2011
SHEET_2 OF_2

PROJECT NAME _WVDOH Scour COUNTY _Pendleton
- - . 7111
PROJECT LOCATION _Roaring Creek Bri DATE: STA“TW
STATION OFFSET FROM CENTERLINE 0. END_TMiA1
NORTHING EASTING ELEV.__ 17630
3
= . — -
|32 |ES = /|EG|a/| &
w = E i U | @
— el glw_[S o5 |3/ =
u 2= 1 ==[0 =
Z 28|23 (323/-|62 = § DESCRIPTION REMARKS
SEE z 2 g E 5 g ol S
& E Zc | & § g9 2 2
L (Vg
21.0 | 21.0 1742.0| Completed hole at 1500

oo

= Bottom of borehole at 21.00 feet.

ETP P
ST T nEUTT

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATION AND SHOW DEPTHS
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Figure 45 -- Field sketch of Roaring Creek Bridge, looking at insides of left pier (top sketch) and right pier
(bottom sketch).
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Figure 46 -- Field sketch of Roaring Creek Bridge, overhead view and right abutment (lower right).
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Lab Results

Modified Slake Durability and GSN*

Roaring Creek
7.0E-04
presumed mode of scour:
6.0E-04 :
dislodgement
Y

5.0E-04
=
< 20F-04
=
-
Q ¢ ROA-SEXP-01-01
—
3
.§ A ROA-01-112'-118'
& 3.0E-04
o B ROA-02-11.2'-116'

» — Linear (ROA-SEXP-01-01)
s
4
2.0504 % Linear (ROA-01-11.2"
* A 11.9)
y=2426-04x - 1.756-03 | /| y = 1.00E-04x - 7.83E-04
R?= 7.95E-01 i R? = 8.87E-01
A
1.0E-04 ,/ ﬂ
L A ‘A
A
y = 1.386-04x - 1.156-03
0.0E+00 R*=5.43E-01
6.0 65 7.0 75 80 85 9.0

Stream Power (ft-1b/s//ft?)

Figure 47 -- Data from modified slake durability tests and calculated values of GSN* and R**for Roaring
Creek Bridge samples.

71



10 - Beverly

Field Results
Geology.

The Beverly bridge site is located in the Valley and Ridge Province. The bridge abutments and two piers
are set in steeply-dipping sandstone and siltstone strata belonging to the Devonian-age Chemung
Group. Regionally, the Chemung consists of sandstone and siltstone with conglomeratic and shale
interbeds; these rocks are interpreted to have a marine origin. The Chemung Group occupies a thin,
1,100 square-mile band of outcrop in the extreme eastern part of West Virginia and the eastern
panhandle, extending over parts of 14 counties. Thickness of these rocks ranges from 500 feet in the
southeastern part of its area (Monroe County) to 3,000 feet in the northeastern part (Randolph and
Tucker Counties and the eastern panhandle).

Based on core recovered from the two boreholes drilled in June 2011, bedrock geology of the TZ
at the Beverly bridge consists of sandy siltstone underlain by claystone in BEV-01A-2011 adjacent to
the left (west) abutment and fine-grained siltstone underlain by claystone in BEV-02A-2011 adjacent to
the right (east) abutment. It should be noted that due to the steep dip of rock strata at this bridge site,
and the distance between boreholes, the siltstone and claystone encountered in the subsurface cannot
be continuous from one borehole to another but instead represent different siltstone and claystone
layers. The siltstone in both boreholes is described as hard and well fractured. The claystone in both
boreholes is described as dark gray, thinly bedded, and highly fractured, with hardness ranging from soft
to average.

Surface exposure of bedrock at the base of the right (east) abutment shows thin to medium
(1.9-20 cm), layers of siltstone with interbedded shale. These strata are inclined to the northeast at an
approximate angle of 75°. A single, high-angle joint set is oriented sub-parallel to the dip direction of
bedding. Individual joints within this set are irregularly spaced (0.2 to 0.36m).

Rock Quality Designation (RQD).

RQD in BEV-01A-2011 for the siltstone and claystone is 8% and 0%, respectively. RQD in BEV-02A-2011
for the siltstone and claystone is 32% and 37%, respectively.

Scour Mode and Magnitude

Areas of scour at the Beverly bridge are shown on the field sketches below.
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Figure 48 — Boring Log 1 for Beverly Bridge

R ENGINEERS FIELD BORING LOG BORING NOBEV-01A-2011
REPRODUCE LOCALLY 1 2
SHEET. OF
PROJECT NAME _WVDOH Scour COUNTY _Randolph )
r DATE: START _7/911
PROJECT LOCATION _Beverly Bridge 71911
STATION OFFSET FROM CENTERLINE oG END_TAOM
NORTHING EASTING ELEV.____1950.0
STATE RT.NO. _37/8 SECT. SEGMENT ____ OFFSET ___
INSPECTOR _dJared Govi DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilling. Inc.
EQUIPMENT USED _HH240
DRILLING METHODS _Casing Advancer/SPT/NX Wireline Split Barrel
CASING: SIZE: __4.25" DEPTH: _40° WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW 3 DATE: _8/26/13  DEPTH: dry TIME: 12:00 DATE: _7/911
Checked = No Recorded Water Reading Measurements [X]
~ % e é E" o 8 =
Cl25|52|5_[E/|58|5/) B
z|dg|83|82R/La2| 78 8 DESCRIPTION REMARKS
% =L |E2|2 |2 é z 7]
3e|as|® |/g|gs8|/ ¥ 2
00| A . ASPHALT Started hole at 0730 hrs.
0.7 0.7 1949.3| 7/9/2011 —
N UNSAMPLED ]
7] as i Cloudy/65 degrees
T ~Bottom of Abutment at
- 1934 -
| 40 4.0 1946.0
Y Sandy SILTSTONE, gray, hard, Used casing due to
. v ] moderately to freshly weathered, v thinly boulders and fill —
— ne bedded (RD= 757, very closely to } o
4 v widely spaced frackpoe (RD= bt 209, Started coring at 0800 hrs.
- 23 - v,¥|  RQD=8% I
L 2 hd y _
v/
EN :V: R-1: 0800-0810 hrs. B
L 4 L7 _
R-2 16 - 7
] 0 ) R-2: 0815-0830 hrs. N
|95 e _
v’
- - W _
L 80 »/.\-’».t ]
R-3 15 . v
7 0 ,:, R-3: 0835-0850 hrs. 7
2.0 - 4] 11.5-11.8" extremely broken :
[ :«: 12.2-12.5" extremely broken -
— L .z‘/./ —
R4 2.1 . %
_— 2 < 4 R-4: 0855-0915 hrs. _
(145 ] .
| S ‘,"‘/ —
— 80 ,J‘, —
RS 20 : L) |
T 0 ) R-5: 0920-0935 hrs.
117.0 e ]
s
v
[ 48 "_," i —
R-6 1.2 R A R-B: 0940-0950 hrs.
. 12 7] .
[ 2 _
119.5 v N
v bl
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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FORM NO: D-481

(12/89)

REPRODUGE LOCALLY
PROJECT NAME _WVDOH Scour

PROJECT LOCATION _Beverly Bridge

ENGINEERS FIELD BORING LOG

COUNTY _Randolph

SHEET_2 OF_2

BORING NOBEV-01A-2011

DATE: START _7/9/11

STATION OFFSET FROM CENTERLINE oG END_I9M1
NORTHING EASTING ELEV. 19850.0
&, S| P
cladles|: E /|EE|a/| &
S |Zp|gE|u, as |3/ B
E|28|23|328/4|6%| /5| & DESCRIPTION REMARKS
b | X
Bl32|3z|8 [/ 5|38/9Y e
£ a E o= T
[ 7 | 20.TCLAYSTONE, dark gray, softto ~ 1929.9) |
a7 2 @ / average hard, highly weathered, v inten R-7: 0950-1005 hrs.
- - 5 b to v thinly bedded (RD= 759, very —
] 0 5\ closely to wi spaced fractures (RD= _
122.0 P 0°to 259, RQ0=0%
I CA _
- A
I~ 7| s 25 | . 5\\ B
0 P R-8: 1005-1015 hrs. N
24,5 ’ﬁ\ 22.0-24.5' diagonal fractures 7
il . A R-9:10151030 his. |
~ 7] Re 25 | " Py 7
B 0 A Completed drilling at 1030 |
= \ hrs. 7/9/2011 -
127.0 A 270 1923.0
= = Bottom of borehole at 27.00 feet. —
NOTE: DRAW STRATIFICATION LINES AT THE APPROXMATE BOUNDARY

BETWEEN SOIL TYPES FOA THIS BORING LOCATION AND SHOW DEFTHS
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Figure 49 — Boring Log 2 for Beverly Bridge

£ = ENGINEERS FIELD BORING LOG BORING NOBEV-02A-2011
REPRODUCE LOCALLY SHEET 1 _OF 2
PROJECT NAME _WVDOH Scour COUNTY _Randolph i
PROJECT LOCATION _Beverly Bridge : e 1
STATION OFFSET FROM CENTERLINE oG END__7BM1
NORTHING EASTING ELEV.____ 19440
STATERT.NO. 378 SECT. _ SEGMENT _____ OFFSET _____

INSPECTOR _dJared Govi DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilli

EQUIPMENT USED _HH 240

DRILLING METHODS _Casing Advancer/SPT/NX Wireli it Barrel
CASING: SIZE: __4.25" ; DEPTH: _8T WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW : DATE: __8/26113  DEPTH: _ dry TIME: _15:00  DATE: __7/811

Checked = No Recorded Water Reading Measurements [X]

=
Fla 2lre = ES |8 =
Clz2g|a2|E_E /|85(2/ B
£ |23 %% 3ER /52| /& g DESCRIPTION REMARKS
¥(32|8z|8 F/5l88|/Y 2
se |23 a|58
2 2|eR =
_g‘g_ Al A - 0.6 TSPHALT —— ?};ﬂzgci 1hole at 0905 hrs. |
kgd UNSAMPLED
Cloudy/70 degrees
T Used casing due to
e surrounding materials —
T ~Bottom of Abutment at
il 1926 -
™ 7 Lost water at 3.5' (never
= ] retumed) ]
— Az =
I Stream pH-8.3 B
&7 ——{ 87 Auger and Spoon refusal at 9.7° 19243 I
— ] < Fine grained SILTSTONE, dark gray, Started coring at 1030 hrs. |
L 100 7" hard, slightly to freshly weathered, v sad b ]
L | R 27 | . ~_4  thinly to thinly bedded (RD= 759,
2 v indistinctly to widely spaced fractures R-1:1030-1100 hrs.
i 7v|  (RD=0"to0 159, RDQ=32% =1
- o ,)-//,:’ pa—
— L pa
1 ) m J',J
T il I <+ R-2: 1100-1125 hrs.
2] Al =
14.0 v/ _
v/
- = JJ‘, —_
W
7 73 il R-3: 1135-1200 hrs. Wl
— - R3 22 ; v —
s
117.0 74 17.0 1927.0 _
Y CLAYSTONE, dark gray, soft to
= ¥ > average hard, highly to slightly =
L > weathered, v inten to thinly bedded _
78 > (RD= 759, extremely closely to widely
7] = " spaced fractures (RD= 0°to 159, R-4: 1205-1225 hrs. ]
i 44 9 RQD=37% —
T i i A 17.9-19.0" diagonal fracture 7

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THE BORING LOCATION AND SHOW DEFTHS
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2mg) o ENGINEERS FIELD BORING LOG

BORING NOBEV-02A-2011
SHEET_2 OF_2

PROJECT NAME _WVDOH Scour_ COUNTY _Randolph DATE: START _ 7/8/11
PROJECT LOCATION _Beverly Bridge Tt
STATION OFFSET FROM CENTERLINE 0G END__T@41
NORTHING EASTING BEY. 10D
-~ g o :.,‘i gl i -
T En
AEHEIN WAL AR
z|28|23|32R/+\62| /5 8 DESCRIPTION REMARKS
g|35(82|8 B/E|55|/9 S
5 |3s |38\ g|egl/ ¥ 2
> > CLAYSTONE, dark gray, soft to
= ; average hard, highly to slightly -]
I 7? _ﬁ weathered, v inten to thinly bedded -
44 > (RD= 75°), extremely closely to widely
[ = > spaced fractures (RD= 0°to 159, —
122.0 % RQD=37% (continued) —
] &y 17.017.4' very broken =
- - &3 20.2-20.8' extremely broken —
L 34 22.7-22.9 dia fracture —]
A 23.3-24.3" broken with diagonal fracture
] 7 €0 24.3-25.9" extremely broken B-5: 1230-1300 hrs.
- 4 Rs ag & &4 —
20 CA
I 4 _
— o / —d
F
7 > Completed drilling at 1300 |
— - N / h's‘ —
|27.0 A 270 1917.0

= = Bottom of borehole at 27.00 feet.

NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORAING LOCATION AND SHOW DEPTHS
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Figure 50 -- Field sketch of Beverly Bridge, looking downstream
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Figure 51 -- Field sketch of Beverly Bridge, looking at right abutment
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Secvur 2one

Field sketch of Beverly Bridge, overhead view.

Figure 52 --

78



Lab Results

Modified Slake Durability and GSN*

Beverly
7.0E-04
presumed mode of scour:
6.0E-04 i 5
primary--dislodgement
secondary--erosion/flaking

5.0E-04
_ E
£ s0e04
&=
g
[a] + BEV-SEXP-001
8
x A BEV-01-18.7'-19.5
g 3.0E-04 ]
= B BEV-02A-17.4-18.0'

@ p
—— Linear (BEV-SEXP-001)
y = 1.19E-04x - 6.726-04 Linear (BEV-01-18.7"-19.5')
£ 4 — . .
2080 R*=9.97E-01 R
&
&
././ y= 1.:35-074;0 E 16275-03 * 7 , V= 1.32E-04x - 1.02€-03
= 7.90E- L] A 2
1.0E-04 1 0.“FL“ R* = 4.85E-01
o*
0.0E+00
6.0 6.5 7.0 75 80 85 9.0

Stream Power (ft-1b/s//ft2)

Figure 53 -- Data from modified slake durability tests and calculated values of GSN* and R**for Beverly
Bridge samples.
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11 - Coon Creek

Field Results
Geology.

At the Coon Creek Bridge the bridge abutments are set in sandstone belonging to the
Mississippian-age Princeton Formation. On the state geologic map of West Virginia (Cardwell et al,
1968, 1986) the Princeton Formation is combined with the overlying Bluestone Formation. Both
formations are part of the Mauch Chunk Group. Together these two formations range in thickness from
450-800 feet and occupy an approximate total area of 465 square miles over 12 counties in
southeastern West Virginia (Cardwell et al, 1968, 1986).

At the bridge site surface exposure of the Princeton Formation in and directly adjacent to the
channel consists of a moderately to extremely weathered (saprolitic), coarse- to very-coarse grained
sandstone to vuggy, quartz pebble conglomerate. In the borehole CO0-001-2011, adjacent to the right
abutment, bedrock in the target interval was logged as medium- to coarse-grained sandstone, average
hardness, slightly to freshly weathered, and very thinly to thinly bedded. RQD for this interval was
100%. In the borehole CO0-002-2011, adjacent to the left abutment, bedrock at the target elevation
was more similar to the bedrock exposed beneath the bridge: iron-stained, medium- to coarse-grained
sandstone grading downward to very coarse-grained and conglomeratic. A vertical, clay-filled fracture
bisected the core. RQD for this interval was 0%.

Rock Quality Designation (RQD).

RQD in CO0O-001-2011 for the target depth interval was 100%. In the borehole CO0O-002-2011,
adjacent to the left abutment, RQD for this interval was 0%.

Scour Mode and Magnitude

Areas of scour at the Coon Creek bridge are shown on the field sketches below.
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Figure 54 — Boring Log 1 for Coon Creek Bridge

. D ENGINEERS FIELD BORING LOG BORING NO.CO0-01-2011
REPRODUCE LOCALLY SHEET_1__OF _1
PROJECT NAME _WVDOH Scour COUNTY _Summers DATE: START 6/26/11
PROJECT LOCATION _Coon Creek Brigde : A
STATION OFFSET FROM CENTERLINE 0.G FEND 82611
NORTHING EASTING ELEV.____24100
STATE RT.NO. _1/4 SECT. SEGMENT OFFSET

INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilling. Inc.
EQUIPMENT USED _CME 45

DRILLING METHODS _Hollow Stem Auger/SPT/NX Wireline Split Barrel

CASING:SIZE: DEPTH: : WATER: DEPTH: TIME: DATE:

CHECKED BY: _TLD i DATE: 8411 DEPTH: __50 TIME: __12:35  DATE: _6/26/11

Checked = No Recorded Water Reading Measurements []

= . £ EC
clad|esl, E /|BE[a/| ¢
AR ER e (3| E
P ; Q|o 2182 B/, 63 = § DESCRIPTION REMARKS
e | =5 E o~ F xg &
8(32|5z|8 [ 3|88|/ 3 2
Z|a@ gl ai X
0.0 a8 490 Clayey GRAVEL (gc], brown, moist, Started hole at 0955 hrs.
T U sa| s || m i E | oy pe .2 loose, homogeneous, (fill) 6/26/2011 ]
1.5 3 9 i
I 4 - | 20 2408.0 Rain'70 degrees ]
s2 | 6 15 | 100 | - - M | e Clayey Medium To Coarse SAND (sc),
—3 O_ 1 a2.6 H ﬁrouwn, moist, n}:](‘.'iiurpa]c)iense. —
. mogeneous, (alluvi
2 ,g?g < ~Bottom of Abutment at
R o ' —
53 5 15 | 100 - sc M| goe 2401
45 | 1" a28 = Sand trap used for all soil |
: = ’372 sampling —
] & ol 5.0 ‘ 24050 _
S-4 16 13 | @ " - M oo Clayey SAND With Gravel (sc), brown, Stream pH=8.9
—. i1 226 he moist, dense to very dense, —
| 6.0 homogeneous, (residual sandstone) Started cod —
| el S5 |1° 08 | 100 - = M of 6.6 2403.4 tarted coring at 1108 hrs. |
50/0.1 a26 W) Medium to coarse grained
T 63 iy SlAI;iDST?NEHavera%? hrgrdd to rr‘\arg N
— - B 1.3 . slightly to freshly weathered, v thinly to 1. —
I 26 v thinly led (RD= 0°to 30°), extremely R-1:1108-1114 hrs. —
85 v closely to widely spaced fractures (RD=
- o 0°to 909, RQD=63% —
T o v 6.9-7.1" near vertical fracture N
— — ] - . —
na 25 ’ v 6.6-7.4" vuggy
100 v 11.9-21.1' healded vertical fracture R-2:1118-1124 hrs.

- v 12.9-13.5 near vertical fracture ]
111.0 o |
R v 15.1-15.4" gravel size quariz |
- 92 I 17.4-17.5 clay seam R-a: —

y B g -3: 1143-1150 hrs.
I R il I v|  17.7-18.0 clay seam " _
v 18.8-18.9' clay seam
13.5] \/ 19.3-20.0' moderately weathered 1
o " 19.3-19.6' stained vertical fracture —
N o -
R - —
N ) —
- - R4 49 - v . —
C o D R-4: 1153-1203 hrs. ]
I v _
v
1185 v
v R-5: 1204-1210 hrs.
7| rs 13 57 v Completed hole at 1245
- ; v hrs. 6/26/2011 —
1 20.0 20.0 2390.0
NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATIONAND SHOW DEPTHS Bottom of borehole at 20.00 feet.
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Figure 55 — Boring Log 2 for Coon Creek Bridge

FomuNo: Daen ENGINEERS FIELD BORING LOG BORING NO.C00-02-2011
REPRODUCE LOCALLY SHEET 1 OF 1
PROJECT NAME _WVDOH Scour COUNTY _Summers DATE: START _6/26/11
PROJECT LOCATION _Coon Creek Bridge ' P
STATION OFFSET FROM CENTERLINE 0 END_@a8M1
NORTHING EASTING ELEV.____ 24050
STATERT.NO. _V4 SECT. SEGMENT OFFSET
INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim i He illing. Inc.
EQUIPMENT USED _CME 45
DRILLING METHODS _Hollow St /SPT/NX Wireline Split Barrel
CASING: SIZE: _ DEPTH: __ ¢ WATER: DEPTH: TIME: DATE:
CHECKED BY: _TLD i DATE: ___81/11 DEPTH: __14.2' TIME: __9:30  DATE: __ 62611
Checked = No Recorded Water Reading Measurements []
z S
~5|rFe > = ] E
z 28|23 |38 e/ 52|72 3 DESCRIPTION REMARKS
g (35(|82|8 B/Z|82|/¢2
123 |/ 8|eR) ¥ 2
0. UNSAMPLED Started hole al 0800 frs.
| 001 ., ; 6/26/2011 —
B S ) = Sandy GRAVEL (gpJ, brown, d 3?0313404.0 7
1.1 S50/0.1 4 oo D, iR ap), brown, dry, very -
- v \dense, homogeneous, (residuarﬂ’ Cloudy/60 degrees
TR | ala v Medium to coarse grained —
] &5 v SANDSTONE, reddish tan gray, _
a1 v {i:verr‘largy;e harﬁegardi_hm?yderathely l;o
—= 1 eshly weatl , v thinly to thini N —
— a7 v bedded (RD= 0°to 30%), extremely zggétgm of Abulment at ]
R-2 19 " o closely to very widely spaced fractures ’
— e v (RD= 0°to 909, RQD=51% Lost water at 1.1, retumed ™|
4.6+ v at 14.0 —
] v 1.1-17.2 poorly cemented ]
— fs . B e 4.3-46 he vﬁ:tical ﬁ?mu{:j —
R Rl - v 6.4-6.9" vuggy with gravel sized quartz . —
16 o 7.3-8.3 clay filled verical fracture Started coring at 0816 hrs.
77 ]7 o 8.6-8.9' partially healenueratjical fracture ]
7.1 8.6-17.2 coarser grained, almost . —
(] ;v conglomerate R-1: 0816-0820 hrs. 7]
v
— 10.0-10.2' k —
] re g 1t'10 \/ 0.0-10.2" very broken 7]
] 0 ' :j 14.2-14.3' stained near vertical fracture R-2:0823-0829 hrs. _
9.6 v 17.8-18.1" vertical fracture =
] v R-3: 0831-0837 hrs. N
I 7 v —
| | Rs 1.8 A v _
| 40 v
(121, o R-4: 0840-0846 hrs. B
— — \/ —]
v R-5: 0859-0905 hrs.
— 100 -
| | Rs 25 - v _
20 v
— . " ] ]
m o R-6: 0907-0913 hrs. |
— v —
I a4 v —]
I E ar | % _|
78 o R-7:0913-0918 hrs.
v
117.1] —
N R-8: 0920-0925 hrs.
E— o |
— 100 v 1
| _| R8 25 . o
68 Completed hole at 0940
— = hrs. 6/26/2011 —
1 19.64 /] 19.6 2385.4 —
NOTE  DRAW STRATEICATION LINES AT THE APPROCMATE SOUNDARY Botiom of borehole af 19.60 feef.
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 56 -- Field sketch of Coon Creek Bridge, looking upstream.
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Figure 57 -- Field sketch of Coon Creek Bridge, overhead view.
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Figure 57 -- Field sketch of Coon Creek Bridge, looking at right abutment (top) and left abutment
(bottom).
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Lab Results

Modified Slake Durability and GSN*

Coon Creek
7.0E-04
presumed mode of scour:
6.0E-04 erosion / flaking
*
5.0E-04
+ COO-SEXP-01-01
A €00-01,9.7-10.2"
=z
% 4.0E-04 m C00-02,7.4'-8.0'
a
- —— Linear (COO-SEXP-Linear)
[=]
G 30604 Linear (CO0-01,9.7"-10.2")
w
Linear (CO0-02,7.4-8.0')
»
i 4 - 4
G y = 2.34E-04x - 1.69E-03 | | L
R*=7.95€-01 by y = 5.68E-04x - 4.84E-03
¥ R?=9.65E-01
4 J
1.0E-04 %% -
Al
* | | #| |y=5.326-04x - 4.66E-03
Y R*=8.82E-01
0.0E+00 4
6.0 6.5 70 7.5 80 85 9.0

Stream Power (ft-1b/s//ft2)

Figure 58 -- Data from modified slake durability tests and calculated values of GSN* and R**for Coon
Creek Bridge samples.
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12 - Bridge Fork

Field Results
Geology.

At the Bridge Fork bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian-aged Pottsville Group, which includes the Kanawha, New River, and Pocahontas
Formations. Pottsville strata are predominantly sandstones, some of which are conglomeratic, along
with some thin shale and coal beds. These rocks cover approximately 6,000 square miles over 12
counties, extending from Wayne and McDowell Counties in the southwestern and southern parts of
West Virginia, respectively, to Preston and Tucker Counties in the north-central and northeastern
portions of the state. The Pottsville Group is approximately 200 and 360 feet thick in the western and
northeastern parts of its area, respectively, and thickens dramatically to over 3,800 feet in the
southeastern part.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock geology at the
Bridge Fork bridge consists of fine- to medium-grained, micaceous and cross-bedded sandstone of
average to above-average hardness. Bedding and fracturing are variable in core recovered from both
BRF-01-2011, adjacent to the left abutment, and BRF-02-2011, adjacent to the right abutment. Bedrock
exposed beneath both abutments is durable, thin- to medium-bedded (5-10 cm) sandstone. Cross-beds,
approximately 3-cm thick, dip downstream at approximately 20° to 30°. Conjugate joint sets cross the
stream channel upstream of the bridge but are not evident beneath the abutments.

Rock Quality Designation (RQD).

RQD of core recovered from BRF-01-2011 and BRF-02-2011 is 76% and 77%, respectively.

Scour Mode and Magnitude

Areas of scour at the Bridge Fork bridge are shown on the field sketches below.
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FORM NO: D-481
(12/89)

REPRODUCE LOCALLY

Figure 59 — Boring Log 1 for Bridge Fork Bridge

ENGINEERS FIELD BORING LOG

PROJECT NAME _WVDOH Scour COUNTY _Fayette

PROJECT LOCATION _Bridge Fork Bridge

STATION OFFSET FROM CENTERLINE

NORTHING EASTING

STATE RT. NO. _60/21 SECT. SEGMENT ____ OFFSET

INSPECTOR _Nichole Wendlandt

EQUIPMENT USED _CME 45

DRILLING METHODS _Hollow /SPT/NX Wireline Split Barrel
CASING:SIZE: ______ S ;

DRILLERS NAME/COMPANY _dim

BORING NO.BRF-01-2011
SHEET_1_OF__ 1
DATE: START _6/25/11
0.G. END __&25/11
ELEV. _ 825.0

ins/L.G. He! Drilli

CHECKED BY: _TLD

DATE:

DEPTH: ¢ WATER: DEPTH: TIME:
; DATE: _ 8111 DEPTH: __ 50 TIME:

10:00 DATE: __6/25/11

Checked = No Recorded Water Reading Measurements []

z| . & _
claz|Eg|x E /|EE[8/] &
L |zw|aes i wke 1@ =
- luwE |2 (¥=1(3 Lw|3fo| Z
£ |28 |2 g BB/~ Z =l 3 DESCRIPTION REMARKS
= Q &
5 32|5z(8 F/5/32|/9 2
t =) 8 o= = o
00 UNSAMPLED Started hole at 0800 hrs.
T aq 6/25/2011 =
15 | 1.5 Auger and Spoon refusal at 1.5' 5| Cloudy/64 degrees ]
o Fine to medium grained SANDSTONE,
= gray, average hard to hard, moderately -
I 100 ad to freshly weathered, intensely to thinly —
R1 25 . v bedded (RD= 0°to 30°), extremely
7 92 "~ closely to medium spaced fractures ~Bottom of Abutment at
E— o {(RD= 0°to £0°), RQD=76% 817" -
40
ad Started coring at 0845 hrs. ™ |
I o —
~ 1 re og | % y A-1:0845-0849 hrs. |
— - v ]
6.5 v _|
o R-2: 0852-0856 hrs.
- . v micaceous stringers throughout ]
R o5 | . %
] 80 v R-3: 0859-0905 hrs. 7]
I v ]
| 9.0 o |
— v —
] =4 —
— v ) —
I o | B N 11.6" undulating fracture |
I 82 v 13.1-13.4" very broken and highly . —
d weathered R-4:0910-0920 hrs.
I o —
n j 16.0-18.0" moderately weathered |
14.0, o ]
R v —
I v —
0 R-5: 0925-0934 hrs.
- - Rs ag | ¥ :‘; —
I 65
SN Completed hole at 1010
il o hrs. 6/25/2011 —
[ 18.0] Y] 180 B
— ] Bottom of borehole at 18.00 feet. 7

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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Figure 60 — Boring Log 2 for Bridge Fork Bridge

R ENGINEERS FIELD BORING LOG BORING NO,BRF-02-2011

REPRODUCE LOCALLY SHEET__1 OF 1

PROJECT NAME _WVDOH Scour COUNTY _Fayette DATE: START 6/2511

PROJECT LOCATION _Bridge Fork Bridge ) e

STATION OFFSET FROM CENTERLINE 0G END_E211

NORTHING EASTING ELEV.____ 8260

STATE RT. NO. _60/21 SECT. SEGMENT OFFSET

INSPECTOR _Nichole Wendlandt DRILLERS NAME/COMPANY _dJim Hopkins/L.G. Hetager Drilling, Inc.

EQUIPMENT USED _CME 45

DRILLING METHODS _Hollow /SPT/NX Wireline

CASING:SIZE: ____ DEPTH: WATER: DEPTH: TIME: DATE:

CHECKED BY: _TLD H DATE: 8M1/11 DEPTH: 1.0 TIME: 12:05 DATE: _6/25/11
Checked = No Recorded Water Reading Measurements []

e 3 % Hx ; E% 2 E

Elsi|sz|E_[E /|85|2)| &

Z|£8|23|328/|62| /5| 8 DESCRIPTION REMARKS

G 30|22|8 BZ|88|/Y ¢

a8 E 25 g o S 3

00 UNSAMPLED Started hiole at 1030 Frs.
il 6/25/2011 =
- . Cloudy/72 degrees
- — Al = —]
T ~Bottom of Abutment at
= =4 817 =
| 3.0 3.0 823.0 N

3.1 51 _fs00.1 0T 100 - sC M 3.1, Clayey SAND (sc], brown, moist, very 9| Stream pH=8.8
P B-1 0g |00 s v dense, homogeneous, (residual) =
| ‘ B b ine to medium grained SANDSTONE, —
[ ] 2 o , average hard to hard, slightly to Started coring at 1042 hrs. |

- =, eshly wa%- ed, intensely to th:nly
L o ) bedded ( 0°to 307), exireme - n 1
| | B2 25 = A closely tove wideIBSpaoed frac’%’ures R-1: 10421045 hwe. il
| - “v| (RD=0°to 909, RQD-77% i

65 24 3.2-3.3' undulating fracture R-2: 1047-1056 hrs.

1 ;S 4143 stained vertical fracture ml
[ Py 5.1-5.2" very broken =
EEE 25 | 1P L j b
— — % . =L 1
" ] b R-3: 1100-1108 hrs. i
| 9.0 v o

Y, 9.2-9.3' stained near vertical fracture
— - 9.4-9.5 very broken =
- ! 13.2-13.3' undulating fracture -
[, o -
- o - ]
- — R4 50 1(.)0 - ]
i es s l
R-4: 1120-1130 hrs.
L 24 ]
E—— =4 ]
. ALV =
| 14.0 /v =
N
[l i ul
i Pl )
o v i
~ 100 v R-5: 1137-1150 hrs. 7]
- — RS& 50 A vy —
I 92 a4 —]
G & 4
o Completed hole at 1240

= = hrs. 6/25/2011 —
— — V’ e
| 19.0 | 19.0 807.0

- Bottom of borehole at 19.00 feet. —

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOA THES BORING LOCATION AND SHOW DEFTHS
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Figure 61 -- Field sketch of Bridge Fork Bridge, looking upstream.
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Figure 62 -- Field sketch of Bridge Fork Bridge, looking at right abutment head-on (top) and in cross-
section (bottom left) .
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Figure 63 -- Field sketch of Bridge Fork Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*

Bridge Fork
7.0E-04
presumed mode of scour:
6.0E-04 %
dislodgement
5.0E-04
v
-
= 40804
a
a # BFK-SEXP-01-01
-
g B BRF-01-R3, 7.9-8.4'
¥ 3.06-04 e
E A BRF-02-R3,7.9-84
Linear (BFK-SEXP-01-01)
» —— Linear (BRF-01-R3,7.9'-
2.0E-04 8.4')
5|
3 OE-04 y = 1.39E-04x - 1.11E-03 *
R*=7.12€-01 ®%| | 4 |y=6.49E-05x - 5.14E-04
¥ --( R*=5.61E-01
W /™| y=3.36E-04x - 2.92E-03
£ R? = 7.43€-01
0.0E+00
6.0 6.5 7.0 75 8.0 85 9.0

Stream Power (ft-1b/s//ft2)

Figure 64 -- Data from modified slake durability tests and calculated values of GSN* and R**for Bridge
Fork Bridge samples.
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13 - Cucumber

Field Results
Geology.

At the Cucumber bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian-aged Pottsville Group, which includes the Kanawha, New River, and Pocahontas
Formations. Pottsville strata are predominantly sandstones, some of which are conglomeratic, along
with some thin shale and coal beds. These rocks cover approximately 6,000 square miles over 12
counties, extending from Wayne and McDowell Counties in the southwestern and southern parts of
West Virginia, respectively, to Preston and Tucker Counties in the north-central and northeastern
portions of the state. The Pottsville Group is approximately 200 and 360 feet thick in the western and
northeastern parts of its area, respectively, and thickens dramatically to over 3,800 feet in the
southeastern part.

Two boreholes were drilled at the Cucumber bridge in June 2011. Based on core extracted from
CUC-01-2011, bedrock in the TZ consists of hard, gray, medium- to coarse-grained sandstone. Similar
sandstone was encountered in CUC-02-2011 in the top 6 feet of the TZ; below this depth, clayey shale,
siltstone and coal were present. High water at the bridge at the time of drilling covered the base of the
bridge abutments. Soft, gray, thinly-bedded (0.6 cm) shale was present above stream level on the slope
adjacent to the north abutment. It is not certain, however, if this rock represents in-place bedrock, as
sandstone was encountered immediately below both abutments in the boreholes.

Rock Quality Designation (RQD).

RQD for the sandstone in CUC-01-2011 and CUC-02-2011 is 54% and 50%, respectively.

Scour Mode and Magnitude

Areas of scour at the Cucumber bridge are shown on the field sketches below. Table XX summarizes
scour measurements at all of the bridge sites.
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Figure 65 — Boring Log 1 for Cucumber Bridge

St ENGINEERS FIELD BORING LOG BORING NO.CUC-01-2011
REPRODUCE LOCALLY
SHEET_1_ OF_ 2
PROJECT NAME _WVDOH Scour COUNTY _McDowell DATE: START _ 7/6/11
PROJECT LOCATION _Cucumber Bridge g
STATION OFFSET FROM CENTERLINE 0.G. END ﬁ
NORTHING EASTING ELEV. 15400
STATE RT. NO. _16 SECT. SEGMENT OFFSET
INSPECTOR _Jared Govi DRILLERS NAME/COMPANY _dJim Hopkins/L.G. Hetager Drilling. Inc.
EQUIPMENT USED _HH 240
DRILLING METHODS _Hollow Stem Auger/SPT/NX Wireline Split Barrel
CASING:SIZE: _____ DEPTH: ____ WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW : DATE: __84/11  DEPTH: _15.0' TIME: __10:50  DATE: __7/6/11
Checked = No Recorded Water Reading Measurements [
5| ;:“: = =
Floz |iE|z [ Z0 |8 =
L l1Z2w|wg|o L g —|a |
wk | o3 =B —w|=2/0| =z
e 2 é Elo/s Z = DESCRIPTION REMARKS
o > [77]
R |2 § z|# | 3(88(/ % 2
2 gl -

0.0 UNSAMPLED Started hole at 0810 hrs.
| ] 7/6/2011 =
7 Sunny/70 degrees
] ~Bottom of Abutment at
T ; 1528 =
7 Stream pH=8.3 ]
:?.0— 7.0 1533.0 :

3 o Sandy GHAVEL (gp), orange-brown,
= ] g3 9 0o X ao M [s° moist to wet, dense to very dense, =
R o 60 i 9 = homogeneous, (alluvial) —
- )

8.5 - '20 |
[ Jse|mwfwow]|e| - |F| M0 B
[10.0 22 al-a .Qo ]
- — 25 ‘OO —

sa|lxm|w|g!| - | %] m %

11.5] %0 =2 [0 ]
i 7 .Oo 11.5-13.0' dark brown I
I - o _
| | 4| 2= o7 | g x w |9, |
[ 13.0 2 e 2o _
B 18 2 A —
[ ] ss| 2|09 | & ®1lwlo B
(145 20 a1-a OO _
- ] o gp 02 =

§6 | m 12 | 100 w -Oo Started coring at 0945 hrs.
F15.71 ) al-a -l 157 1524.3 =
] 50/0. 100 i Medium to coarse grained |
R-1 13 | . SANDSTONE, gray, hard, slightly
[ o v weathered, thinly bedded (RD= 0° to R-1: 0945-0955 hrs. g
17.0 &4 159, closely to very widely spaced —
] v fractures (RD= 0°to 30, RQD=54% |
I @ 4 ]
A3 23 = W
- 2 S R-2: 1000-1008 hrs.
[19.5 i _
a4
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOR THIS BORING LOCATION AND SHOW DEFTHS
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tomgy - ! ENGINEERS FIELD BORING LOG

REPRODUCE LOCALLY
PROJECT NAME _WVDOH Scour

COUNTY _McDowell

PROJECT LOCATION _Cucumber Bridge

STATION OFFSET FROM CENTERLINE

BORING NO.CUC-01-2011
SHEET_2_OF_2
DATE: START _7/6/11
o0.g. END_T7/6M1

NORTHING EASTING ELEv.___15400
~ % e i: T [

F|oE | Lw o En 8 z

L |Zw|las g |& we | g =

=~ |lwe | s | Y- 2 Cw|3/0

z|83182|32R/.|52|7/¢8 & DESCRIPTION REMARKS

o [S§ g o~ /& ¥ E wl ©

8|3s|38|% [/ g/28|/ ¥ 2

=
o Medium fo coarse grained
= , SANDSTONE, gray, hard, slightly —
L. . T el V| weathered, thinly bedded (RD- 0°to ) -
= v 159, closely to very widely spaced R-3: 1013-1016 hrs.

P v fractures (RD= 0°tfo 309, RQD=54% —
. 22.0 iy (continued) —
I <7 _
] L R-4: 1022-1030 hrs. m
T 100 - ]
— | BS bt g ol Completed hole at 1100 |
I v hrs. 7/6/2011 —
I v ]
— - \/ —
126.0 1 26.0 1514.0

Bottom of borehole at 26.00 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATIONAND SHOW DEPTHS
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FORM NO: D-481
(12/89)

REPRODUCE LOCALLY

PROJECT NAME _WVDOH Scour
PROJECT LOCATION _Cucumber Bridge
OFFSET FROM CENTERLINE

STATION

Figure 66 — Boring Log 2 for Cucumber Bridge

ENGINEERS FIELD BORING LOG

COUNTY _McDowell

NORTHING

EASTING

STATERT.NO. _16
INSPECTOR _dJared Govi
EQUIPMENT USED _HH 240

SEGMENT OFFSET
DRILLERS NAME/COMPANY _dJim

BORING NO.CUC-02-2011
SHEET_1__OF_2
DATE: START _7/6/11

oG END__7811
ELEV.___ 15350

ins/L.G. He Drilli

DRILLING METHODS _Hollow Stem Auger/SPT/NX Wireline Split Barrel
CASING: SIZE: i ; WATER: DEPTH: TIME: DATE:

CHECKED BY: _NJW

DATE: _ 82613 DEPTH: 155"  TIME: __15:00  DATE: _ 7/6/11

Checked = No Recorded Water Reading Measurements [_]

5| = < =
c |32 55|z & Zo | 8 =
o T T T ax |3 2
wE oz >33 g =/e
£|28(23|328/+|62| /5 & DESCRIPTION REMARKS
5 | =t g
El32(3z|8 [/ 5|8E|/ 9 o
F|=2° glak I
0.0 UNSAMPLED Started hole at 1145 hrs.
= ] 7/6/2011 —
7 Partly Cloudy/80 degrees |
7 ~Bottom of Abutment at
I A 1523 —
[72] L0 Sandy GRAVEL (gpJ, black, d 15280 1
3 o : gp), black, dry,
: : . . o .\02 medium dense, homogeneous, (fill) :
al-a d
-85 O, 87 1526.3 -
I 8 o Sandy GRAVEL (gp), gray-brown fo ]
s-2 1.0 ) D p O light brown, dry to moist, dense to very
300 ata 5 dense, homogeneous, (alluvial) 7
= - O —_—
L 25 b0 |
1 s= 1.1 . o |% |
1.5 al-a S ]
23 %%
7] se 0E M 'oo
13 0_ ala o .
L1 - 0| 133 1521.7] i B
183155 fs003 ] 73 M 1 .7| Started coring at 1345 hrs.
— - ) Medium grained SANDSTONE, gray, -
L al-a ) hard, freshly weathered, thinly 1
e (RD= 0°to 109, closely to widel
= 1 R 27 v spaced fractures (RD=0°to 45;, -
I / =50% —
» FaD=50 R-1: 13451355 hrs.
116.0 v -
I v ]
v
] m2 22 / R-2: 1355-1400 hrs.
I n _
[ 18.5 o _
v
I o ) -
R-3 20 —

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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FE ckin 4 ENGINEERS FIELD BORING LOG BORING NO.CUC-02-2011

)
REPRODUCE LOCALLY SHEET__2 OF__2

PROJECT NAME _WVDOH Scour COUNTY _McDowell
= . 7/6M11
PROJECT LOCATION _Cucumber Bridge HAJE STARTW
STATION OFFSET FROM CENTERLINE 0G. END__LBA1
NORTHING EASTING ELEV.____ 15350
=~ % - 5;9, g - 8 =
Elg o = § E ] g A K E
T |uE|Ss|>F 3 e | =2/0 & R
E|& 8 di S L o/ @ E g DESCRIPTION REMARKS
o |=5 g ST/ £ x s »l ©
H a o e S E (= ] o] 5 Q
c|2 glael X
= - Clayey SHALE, gray, very soft,
[Zao ;’_‘, | completely weathered, v inten Iamma!ed 7
121.0 4 to thinly bedded (RD= 0°to 5°), ve -
Y closely to widely spaced fractures (RD=
7 v ®to 159, RQD=0% (continued) f ]
= v SILTSTONE, gray, soft to average ha.rd e -1
R _,",' slightly to fresEJ weathered, thinl P Y1520 b -
e medium bedded (RD= 0°to 109, \mdely
F: S 100 ik to very widely spaced fractures (RD= 0° =
— — R4 5.0 = v to 5“) RQD=87% —
74 v
. ¥ A Completed hole at 1530 |
- ] hrs. 7/6/2011 —
I~ 7 253 1509.7 =
- = COAL, black, soft, freshiywealhered, —
1 26.0 26.0thinly bedded (RD= 0°to 59, closely 1509.0
spaced fractures (RD= 0°to 59),
= RQD=0% —
: : Bottom of borehole at 26.00 feet. _

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEFTHS
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Lab Results

Modified Slake Durability and GSN*

Cucumber
7E-04
presumed mode of scour:
6.E-04
SE-04
£
T 4E-02
2
2 A CUC-02-13.3-14.0'
3 - B CUC-01-15.7-16.2'
v
‘g_ 3.E-04 —— Linear (CUC-01-15.7-16.2')
« Linear (CUC-02-13.3-14.0')
A
A
Y = 9.16E-05x - 5.29E-04
R® = 9.43E-01 ‘
2E-04 - -
| A
A
A L4
m AL |
1E-04 @ | ™ y=1.25E-04x - 8.89E-04
R*=8.01E-01
0.£400
6.0 65 7.0 75 8.0 85 9.0

Stream Power (ft-1b/s//ft2)

Figure 67 -- Data from modified slake durability tests and calculated values of GSN* and R**for
Cucumber Bridge samples.

97



14 - Clear Fork

Field Results
Geology.

At the Clear Fork bridge site the bridge abutments are set in sandstone belonging to the
Pennsylvanian-aged Pottsville Group, which includes the Kanawha, New River, and Pocahontas
Formations. Pottsville strata are predominantly sandstones, some of which are conglomeratic, along
with some thin shale and coal beds. These rocks cover approximately 6,000 square miles over 12
counties, extending from Wayne and McDowell Counties in the southwestern and southern parts of
West Virginia, respectively, to Preston and Tucker Counties in the north-central and northeastern
portions of the state. The Pottsville Group is approximately 200 and 360 feet thick in the western and
northeastern parts of its area, respectively, and thickens dramatically to over 3,800 feet in the
southeastern part.

Based on core extracted from the two boreholes drilled in June 2011, bedrock geology at the
Clear Fork bridge consists of tan to gray, thinly-bedded, fine- to medium-grained sandstone of average
to above average hardness.

Surface exposure of bedrock at this bridge site is limited to a small area below the right
(southwest) abutment. This rock is durable, thin- to medium- bedded (3-15 cm) sandstone. Jointing in
the surface rock, if present, is not obvious. However, numerous sub-polygonal shaped sandstone blocks
present as stream bedload suggest some influence of jointing.

Rock Quality Designation (RQD).

RQD of core from CLE-01-2011 and CLE-02-2011 is 52% and 46%, respectively.

Scour Mode and Magnitude

Areas of scour at the Clear Fork bridge are shown on the field sketches below.
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Figure 68 — Boring Log 1 for Clear Fork Bridge

o D4 ENGINEERS FIELD BORING LOG BORING NO,CLE-01-2011
REPRODUCE LOCALLY
. SHEET_1_ OF_ 2

PROJECT NAME _WVDOH Scour COUNTY _Wyoming )

- DATE: START __77/11
PROJECT LOCATION _Clear Fork Bridge p—
STATION OFFSET FROM CENTERLINE 0.g END__TAA1
NORTHING EASTING ELEV.____11600
STATERT.NO. 6 SECT. SEGMENT OFFSET
INSPECTOR _Jared Govi DRILLERS NAME/COMPANY _dJim Hopking/L.G Hetager Drilling. Inc.
EQUIPMENT USED _HH 240
DRILLING METHODS _Hollow /Casing Advancer/SPT/NX Wireline Split Barrel
CASING: SIZE: __4.28" : DEPTH: _ 82 ; WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW : DATE: _®&WU11  DEPTH: __100' TIME: __15:30  DATE: __ @11

Checked = No Recorded Water Reading Measurements []

z| . = _—
clgz |EE|z [ Eo |3 z
LlZw|wd G ¢ a=|9 =
Wk 221 2=13 Ful=2/o =
£ |28 |9 2 3 |3 - E2 = 3 DESCRIPTION REMARKS
B132(3z(8 F/5|88|/ 9 2
x a g 2 ] -
0.0 UNSAMPLED Started hole at 0730 hrs.
— 7712011 =
] Foggy/60 degrees N
] ~Bottom of Abutmentat ™|
— ] 1146’ 1
e _
I Hydraulic line maintence |
— from 0830-0940 hrs. —
] Stream pH=7.5 ]
7 Auger refusal at 6.0, -
— switched to casing due to —]
o boulder _
8.2 8.2 Auger and Spoon refusal at 8.2' 1151.6
— - v I-“lne‘;(;1 rtr:ed"lum gra.lnﬁ(:1 SQNJ{JS;I E’NE! .
i g - v tanni rown to gray, hard, fre . —
| . | weathered, thinly bedded (RD= 0°to Started coring at 1030 hrs. _|
10.0 o 15°9), closely to widely spaced fractures R-1: 1030-1045 hrs.
- (RD= 0°to 259, RQD=52% —
R %3 d —
R-2 1.4' . L
1151 73 v R-2: 1050-1110 hrs. N
; D _
I y _
I 100 B —
R3 25 | . v
] =4 v R-3: 1120-1145 hrs. 7
[14.0 o |
I vl ]
— - 100 v —
] R4 25 . s |
76 o R-4: 1150-1210 hrs.
165 g a
v
— o _
I o _
I 100 s —
I y Vs ]
56 . R-5: 1215-1245 hrs.
- -{ RBs 50 = -
— v —
vy
NOTE: DRAW STRATIFICATION LINES AT THE APPROIMATE BOUNDARY
BETWEEN SOL TYPES FOR THISE BORING LOCATION AND SHOW DEPTHS
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e ENGINEERS FIELD BORING LOG

REPRODUCE LOCALLY
PROJECT NAME _WVDOH Scour

PROJECT LOCATION _Clear Fork Bridge

COUNTY _Wyoming

BORING NO.CLE-01-2011
SHEET_2 OF_2
DATE: START _7/711__

STATION OFFSET FROM CENTERLINE 0G END_IZA1
NORTHING EASTING ELEV.___ 11600
- g (s g‘—: EC [ g
AEAE N Wi EAR:
z|z8|a2|32 § o g 3 DESCRIPTION REMARKS
& |=q |2 3o/ 2 5 E w ©
8|82 (9z|% Y a|85|/ % 2
| @ glar T
o Fine to medium grained SANDSTONE,
il 100 tannish brown to gray, hard, freshly =]
L 2 el weathered, thinly bedded (RD= 0°to _
21.5 56 g 159), closely to widely spaced fractures
i v (RD= 0°to 25%), RQD=52% (confinued) =
— - o 20.8-21.5" orange staining —
[~ 7| Rs 19| v R-6: 1250-1310 hrs.
= = v Completed drilling at 1310 |
T v hrs. =
124.0 24.0 1136.0

Bottom of borehole at 24.00 feet.

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOL TYPES FOA THIS BORING LOCATIONAND SHOW DEFTHS
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Figure 69 — Boring Log 2 for Clear Fork Bridge

REPRODUCE LOCALLY

ENGINEERS FIELD BORING LOG

PROJECT NAME _WVDOH Scour COUNTY _Wyoming

PROJECT LOCATION _Clear Fork Bridge

STATION OFFSET FROM CENTERLINE

NORTHING EASTING

STATERT.NO. 6 SECT. SEGMENT OFFSET

INSPECTOR _dJared Govi

EQUIPMENT USED _HH240

BORING NO.CLE-02-2011
SHEET_1__OF_2
DATE: START _7/711
o0.g END_Z7M1
ELEV. 1160.0

DRILLERS NAME/COMPANY _Jim Hopkins/L.G. Hetager Drilling, Inc.

DRILLING METHODS _Casing Advancer/SPT/NX Wireline Split Barrel

CASING: SIZE: __425" |  DEPTH: _70° ; WATER: DEPTH: TIME: DATE:
CHECKED BY: _NJW ; DATE: 8411  DEPTH: 101"  TIME: __16:30 DATE: 7711
Checked = No Recorded Water Reading Measurements []
8 | ;3 = -
£lez (s8¢ E /|32(8/| B
- |SE|SE|¥=3 Ly |3/0] &
E|28|23|8%8/=|52%| /& & DESCRIPTION REMARKS
o =3 Q w [/ F | X »
323 z|8 [¥c|88|/ 3 2
c|e gler i
00| aq Asphalt Started hole at 1330 hrs.
0.7 0.7 1159.3| 7/7/2011 ]
. UNSAMPLED —
] Sunny/80 degrees ]
7 ~Bottom of Abutment at
= 1149 =
_7.0— 7.0 1153.0 :
1 oo Clayey SAND (sc), Tight brown, wet,
1 e 2 03 - sC w ha . very loose, homogeneous, (alluvial) -
85| 2 =28 b5 {85 11515 B
5 P Poorly Graded SAND (sp], light brown,
7] =2 2 3 @ sp W i.. wet, r_nedium dense, homogeneous, —
I a-;-b Ve (alluvial) —]
110.0 12 e | 100 1150.0, _
5 o Sandy GRAVEL (gp), light brown, wet,
. , op K] dense to very dense, homogeneous, —
a S3 12 1.5 100 . w 0 [a]luwa]) H
[11.5 32 ata 02 |
15 '
R o -
T ] se| || m Flow e B
a-l-a O
113.0 = 40 o ]
S5 | g | 1O e @ w |0 .
L14.1] ala .01 14 1145.9 , -
50/0.1 W Fine fo medium grained SANDSTONE, Started coring at 1515 hrs.
- light brown and orange to gray, average ]
- v hard to very hard, slightly to freshged —
I 20 69 e weathered, intensely to thinly bed |
14 v (RD= 0°to 10°), very closely to very R-1: 1515-1527 hrs.
- o widely spaced fractures (RD= 5°to 45°), ]
I RQD=46% —
117.0 v 7
o 14.1"-14.6" very broken
R v —
I | e v 7]
- R Sl o R-2: 1530-1545 hrs.
I e -
I v —
1 20.0 v
NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY

BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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FORNC: D01 ENGINEERS FIELD BORING LOG BORING NO.CLE-02-2011

PROJECT NAME _WVDOH Scour COUNTY _Wyoming DATE: START 7M1 _
PROJECT LOCATION _Clear Fork Bridge ' 7711
STATION OFFSET FROM CENTERLINE 0.g. END__IA1
NORTHING EASTING ELEV.___ 11600
~ % [y § § o 8 =

25|22 |E_E /|25|2/| B

z|45(32|32R/.|c2|7/% 3 DESCRIPTION REMARKS

L[5 |3 3 A T é 3l 3

8152 |38|¢ [3[88|/ 3 ¢

v Fine to medium grained SANDS TONE,
— ) light brown and orange to gray, average R-3: 1545-1600 hrs. ]
- | R3 20 | ' o hard to very hard, slightly fo freshl : : _
25 v weathered, intensely to thinly bedded
T \/ (RD= 0°to 10°9), very closely to w 7
| 22.0 v widely spaced fractures (RD= 5°to 45°), —
L ) RQD=46% (continued)
= R-4: 1600-1625 hrs.

I o v _
i Bia 28 5 Ad Completed hole at 1700
R vy hrs. —
] N ]
125.0 | 250 1135.0

— Bottom of borehole at 25.00 feet. =

NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 70 -- Field sketch of Clear Fork Bridge, looking downstream.
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Figure 71 -- Field sketch of Clear Fork Bridge, overhead view.
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Lab Results

Modified Slake Durability and GSN*
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Figure 72 -- Data from modified slake durability tests and calculated values of GSN* and R**for Clear
Fork Bridge samples.
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15 - Mish Road

Field Results
Geology.

The Mish Road bridge site is located in the Valley and Ridge province. At this location the bridge
abutments are set in limestone belonging to the Cambrian-age Conococheague Formation. This
represents the only site in this investigation where carbonate rock (i.e., limestone or dolomite) was the
foundation rock. Regionally, the Conococheague is a fine-grained limestone with some siliceous and
dolomitic laminations. In West Virginia these rocks cover approximately 100 square miles and are
restricted to Berkeley and Jefferson Counties in the eastern panhandle. The Conococheague is
approximately 2,200 feet thick in this area.

Based on surface exposure and the two boreholes drilled in June 2011, bedrock geology at the
Mish Road bridge consists of a tan to gray, thinly-bedded (1-3 cm), fine-grained (i.e., “micritic”)
limestone of hard to above average hardness. Bedrock exposed at the surface was very similar to
bedrock in the TZ but varied in hardness from durable to non-durable. Fracturing in the rock core was
variable, and jointing in the surface exposures was not evident. However, bedload in the stream
included small (30 to 280 cm?®) limestone blocks suggesting the influence of joints.

Rock Quality Designation (RQD).

RQD in MIS-01-2011 and MIS-02-2011 is 39% and 35%, respectively.

Scour Mode and Magnitude

Areas of scour at the Mish Road bridge are shown on the field sketches below.
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FORM NC: D-481
(12/89)

REPRODUCE LOCALLY
PROJECT NAME _WVDOH Scour

Figure 73 — Boring Log 1 for Mish Road Bridge

ENGINEERS FIELD BORING LOG

COUNTY _Berkeley

PROJECT LOCATION
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NORTHING

STATERT.NO. 243

INSPECTOR _Jared Govi
EQUIPMENT USED _HH 240
DRILLING METHODS _Hollow Ste
4%"
CHECKED BY: _NJW
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EASTING
SECT. SEGMENT OFFSET
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BORING NO. MIS-01-2001
SHEET_1__OF _1

DATE: START _7A42/11
oG END_T1211
ELEV.___ 5800

ins'L.G. He Drilli
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DATE:
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NOTE: DRAW STRATIFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOR THIS BORING LOCATION AND SHOW DEPTHS
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Figure 74 — Boring Log 2 for Mish Road Bridge

SR it ENGINEERS FIELD BORING LOG BORING NO. MIS-02-2011
REPRODUCE LOCALLY SHEET_1_OF_2
PROJECT NAME _WVDOH Scour COUNTY _Berkeley DATE: START _7/12111
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FORM NO: D-481 ENGINEERS FIELD BORING LOG

(12/89)
REPRODUCE LOCALLY
PROJECT NAME _WVDOH Scour

PROJECT LOCATION _Mish Road

COUNTY _Berkeley

BORING NO. MIS-02-2011
SHEET_2 OF_2
DATE: START _7A1211

STATION OFFSET FROM CENTERLINE oG END_IN211
NORTHING EASTING ELEV.___ 5800
cls8|eel. E /|55la/| &
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o
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Bottom of borehole at 22.00 feet.

NOTE: DRAW STRATFICATION LINES AT THE APPROXIMATE BOUNDARY
BETWEEN SOIL TYPES FOA THIS BORING LOCATION AND SHOW DEPTHS
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Lab Results

Modified Slake Durability and GSN*
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Figure 77 -- Data from modified slake durability tests and calculated values of GSN* and R**for Mish
Road Bridge samples.
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Summary of Lab Test Results

Table 1- Summary of Lab Test Results

Site Dominant Rock Type(s) Sample GSN* (ft-lb/s*/ft?) UCS (psi)
AUD-01-2011 2.83E-04 12,908
Audra Sandstone AUD-02-2011 1.90E-04 11,086
AUD-SEXP-001 2.41E-04
Median Value 2.41E-04 11,997
BEV-01A-2011 1.32E-04 18,081
Beverly Siltstone BEV-02A-2011 1.19E-04 19,542
BEV-SEXP-001 1.42E-04
Median Value 1.32E-04 18,812
BRF-01-2011 6.49E-05 17,472
. BRF-02-2011 3.36E-04 15,701
Bridge Fork Sandstone
BRF-SEXP-001 1.39E-04
Median Value 1.39E-04 16,587
CAL-01-2011 2.49E-04 6,752
CAL-02-2011 1.86E-04 2,366
Caldwell Run Shale
CAL-SEXP-2011 1.77E-04
Median Value 1.86E-04 4,559
CLE-01-2011 4.95E-04 11,086
Clear Fork Sandstone CLE-02-2011 1.00E-04 23,817
CLE-SEXP-2011 2.00E-04
Median Value 2.00E-04 17,451
C00-01-2011 5.32E-04 2,081
Coon Creek Sandstone (weathered) €00-02-2011 5.68E-04 11,723
COO-SEXP-2011 2.34E-04
Median Value 5.32E-04 6,902
CUC-01-2011 1.25E-04 15,876
Cucumber Sandstone CUC-02-2011 9.16E-05 12,095
CUC-SEXP-2011 NA
Median Value 1.08E-04 13,985
GRA-01-2011 8.00E-05 9,969
Grassy Run Sandstone GRA-02-2011 1.49E-04 12,195
GRA-SEXP-2011 1.17E-04
Median Value 1.17E-04 11,082
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Table 1 (cont.)

Site Dominant Rock Type(s) Sample GSN* (ft-1b/s*/ft) UCS (psi)
LAU-01-2011 5.31E-04 11,231
Laurel Fork Sandstone LAU-02-2011 2.06E-04 11,705
LAU-SEXP-2011 1.42E-04
Median Value 2.06E-04 11,468
Sandstone (shaley) LEA-01-2011 2.49E-04 17,866
Claystone LEA-02-2011 1.76E-03 1,151
Leatherwood Shale LEA-SEXP01-01-2011 3.35E-05
Sandstone LEA-SEXP01-02-2011 4.65E-05
Median Value (Shale/Claystone) 8.97E-04 1,151
Median Value (Sandstone) 1.48E-04 17,866
Sandstone SAN-01-2011 8.04E-05 NA
Shale SAN-02-2011 1.50E-04 13,259
Little Sandy Sandstone SAN-SEXP-2011 7.15E-05
Median Value (Sandstone) 7.60E-05 NA
Median Value (Shale) 1.50E-04 13,259
MIS-01-2011 1.06E-04 4,071
Mish Limestone MIS-02-2011 2.07E-04 14,375
MIS-SEXP-2011 3.14E-04
Median Value 2.07E-04 9,223
PAD-01-2011 2.97E-05 9,744
Paden Fork sandstone PAD-02-2011 7.84E-05 6,928
PAD-SEXP-2011 8.94E-05
Median Value 7.84E-05 8,336
RIT-01-2011 1.49E-04 4,413
Ritter Park / 5th St Sandstone RIT-02-2011 2.458-05 6,910
PAD-SEXP-2011 NA
Median Value 8.68E-05 5,661
ROA-01-2011 1.38E-04 10,430
Roaring Creek sandstone ROA-02-2011 1.00E-04 10,824
ROA-SEXP-2011 2.42E-04
Median Value 1.38E-04 10,627
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1. Calculating Cumulative Effective Stream Power

Characterizing the Cumulative Effective Stream Power, Q, at a site can aid in understanding the flow
conditions that may, over time, cause hydraulic scour, whether by gradual abrasion of degradabile (i.e.,
non-durable) rock or by quarrying and plucking of durable, jointed rock. The determination of
Cumulative Effective Stream Power has several prerequisites, including the identification of the
threshold condition below which stream power is deemed not effective in promoting scour,
characterizing flow conditions over time (i.e., obtaining historical stream gage data or synthesizing such
data through watershed models), and defining the hydraulic conditions at the bridge site (i.e., preparing
a model that describes the relationship between discharge and depth, and discharge and velocity).
Detailed instructions on how to obtain stream flow data or generate a watershed runoff hydrograph, for
example, are not provided in this document. Instead, this document focuses primarily on the
computation of stream power once the aforementioned prerequisites are already complete.

Once the needed input data has been prepared, Cumulative Effective Stream Power can be computed
for, (1) a past time period where actual flow conditions are known, (2) a time period (past or future)
where probabilistic flow conditions are characterized, or (3) on an annualized basis using a probabilistic
description of flow conditions, such that the Effective Stream Power associated with a certain intensity
event is combined with the incremental probability of that event. In most cases, it is anticipated that
Annual Cumulative Effective Stream Power (i.e., approach number 3) will be what is computed for sites
and watersheds in West Virginia, due to the distribution of watershed sizes and corresponding stream
gage data availability that was encountered in a 15 bridge survey of sites experiencing rock scour during
a WVDOH-sponsored research project, RP-273 — “Criteria for Predicting Scour of Erodible Rock in West
Virginia”. Additional information related to the sites encountered in that project can be found in the
corresponding final report document.

Threshold Condition

Section 3.6.22 of NCHRP Report 717, “Scour at Bridge Foundations on Rock,” introduces the idea that a
threshold condition, such as a critical velocity, shear stress, or stream power, or physical threshold such
as bank-full or channel-forming discharge, be exceeded before scour can occur. Thus, the first decision
to be made when computing Cumulative Effective Stream Power is what threshold condition to select.
Since the threshold condition that is set defines the condition below which no work is expended in
eroding the streambed, a detailed characterization of the channel cross section may be needed to
identify the flow depth associated with water contact with rock that underlies piers and abutments.
Likewise, field inspection of the site in question may aid in identifying a suitable exclusionary flow rate
below which no scour is assumed to occur. As illustrated by Figure 1, flow depth may need to rise
considerably above typical flow conditions before water is in contact with the rock beneath a particular
bridge’s abutment.



Figure 1- Photograph of abutment at Grassy Run project site. Water levels must rise before stream
power begins to accumulate on the rocks under the abutment.

Where Cumulative Effective Stream Power is being estimated for a site that does not yet have a bridge,
a more generalized approach may be necessary to define the threshold condition. For example, setting
the threshold equal to the peak flow rate associated with the two year storm, coupled with iterative
adjustments to the threshold as additional information becomes available.

Time-Series Flow Data

If the site under evaluation has historical flow data available as a time-series data set (i.e., stream gage
records), then this will serve as a preferred and definitive characterization of what flows have occurred
at the site over time. Stream gage data is typically available only for larger watersheds, although some
smaller watersheds may occasionally have stream records available. The US Geological Survey makes
stream gage data available online at the National Water Information System website
(http://maps.waterdata.usgs.gov/mapper/index.html).

In cases where the actual flow rates over time are known, it will be unnecessary to undertake the
procedures described later to synthesize flows through generating runoff hydrographs and
probabilistically integrating the effect of hypothetical storms over time. Instead, the actual effect of a
five year storm (for example) can be directly computed, and when prediction of future conditions is
desired, the probability of such a storm in any given year can be accounted for.

The determination of stream power from long term data is described in NCHRP Report 717 section
3.6.2.3.



Runoff Hydrograph

For the types of watersheds and bridge sites generally present in West Virginia, historical flow data will
usually not be present. Therefore, it is necessary to use alternate means to describe the temporal
distribution of stream flows at a given site. This can be accomplished in a variety of ways, one of the
simplest of which may be to determine the flood-frequency discharge using USGS Scientific Investigation
Report 2010-5033 regression equations. The result of this method will be the peak discharge for a
watershed during storms of a given return period frequency (e.g., 2-yr, 5-yr, 10-yr, etc.). The methods
described in NCHRP Report 717 compute stream power on the basis of average daily flow, and so if
regression equations are used as a basis for subsequent stream power computation, some estimation of
the relationship between peak flow and average daily flow will need to be made.

Alternately, one could utilize a generalized unit hydrograph, such as the NRCS dimensionless unit
hydrograph shown in Figure 2, in order to characterize the flow rate at any time during the storm event
relative to the peak flow rate.

0.8
0.6
=
~ 0.4
0 i —
0 | 2 3 4 5

Figure 2- NRCS dimensionless unit hydrograph (USDA, 1985).

The approach used in RP-273 was to derive runoff hydrograph for the entire storm duration, rather than
merely the average daily flow, and then compute the stream power that accumulated during each time
increment during the storm, rather than for the entire day all at once. The reasoning for doing this was
because in the small, relatively steep watersheds that are common in West Virginia, there is likely to be
a significant difference in flow rate between the peak flow rate that is observed and the average flow
rate during the entirety of the storm event. The hydrograph shown in Figure 3 illustrates a situation
where the peak runoff flow rate for a small watershed is 82 cfs. For the 24 hour period in which this
storm occurs, the average daily flow rate is only 5.6 cfs. For a watershed where flow rates vary rapidly
due to small size, steep conditions, or other factors, computing stream power on the basis on an
average daily flow rate could significantly under-represent that amount of energy actually expended by



the stream onto the rock. This is particularly true given that stream power is a function of velocity

cubed, meaning that there is a non-linear relationship between increasing stream velocity and

increasing stream power.

Readily available GIS data (e.g., a digital elevation model of the watershed, land cover data, soil type,

etc.), coupled with watershed model preprocessors (e.g., Aquaveo’s WMS) enables the computation of

parameters such as curve number, time of concentration, and runoff stream flow routing durations, and

the subsequent utilization of these parameters in the HEC-1 hydrologic model. As illustrated in Figure 3,

once a hydrograph is generated, tools exist to export time-series flow data as a text file, which can

subsequently be imported into spreadsheet software (e.g., Microsoft Excel) for further calculations.
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Figure 3- Example runoff hydrograph from WMS, along with dialog box to export hydrograph data

points.

Discharge-Depth and Discharge-Velocity Relationships

Utilizing field surveys of channel cross sections, hydraulic models of a given site can be prepared using

software such as HEC-RAS. Since stream power calculations will be performed over a wide variety of

flow rates, in most cases it will be necessary to forego computation of flow velocity and depth for each

individual flow rate encountered during a storm event, and instead develop equations that define the

required relationships over the relevant flow range (see Figure 4). A 24 hour period that is modeled in

15 minute increments, for example, would include 96 different flow rates. Determining the

corresponding flow depth and velocity using a regression equation, rather than going to the hydraulic

model for each, will dramatically streamline the stream power computational process.
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Figure 4 - Flow depth and velocity rating curve for Paden Fork.

Once the relationships between flow rate and velocity, and flow rate and depth, have been defined, a
spreadsheet should be prepared that contains flow rate,

Instantaneous Stream Power and Cumulative Effective Stream Power, Q

The approach of calculating instantaneous stream power from representative shear stress and velocity is
outlined in NCHRP Report 717, section 3.6.2. As shown in Equation 1, stream power can be determined
using approach flow velocity, depth, and characterizations related to localized stream conditions (e.g.,
whether stream power is being computed for approach flow or piers, the Manning’s roughness

2
nkK V
P:[ L J{ {/3J'V Equation 1
1486 ) | »

0

coefficient being used, etc.).

where P = Instantaneous stream power (ft:lb/s per square foot)
n = Manning’s roughness coefficient
K, = Turbulence-related velocity enhancement factor; 1.0 for approach flow, 1.5 for round-
nosed piers, 1.7 for square-nosed piers
V = flow velocity, (ft/s)
1.486 = factor for U.S. customary units (1.0 for metric units)
y = unit weight of water, 62.4 lb/ft3
o= depth of approach flow, ft

Cumulative Effective Stream Power, Q, [ft-Ib/ft*] is determined by computing Instantaneous Stream
Power [ft-Ib/(s-ft?)] at each time during a storm event, and then multiplying that Instantaneous Stream
Power by the duration of the increment . A spreadsheet example [Stream Power Calculation



Example.xIsx] of such calculations accompanies this document, and a summary of the procedures
utilized therein is as follows:

e Input flow velocity and depth values into the stream power equation (i.e., Equation 1), yielding
a characterization of instantaneous stream power at each of the recurrence intervals of interest
(i.e., 2-, 5-,10-, 25-, 50-, 100-, 200- and 500-years).

o Determine the peak stream power associated with the 2-year event — this is the threshold above
which stream power is “effective” .

e Subtract the 2-year peak stream power from stream powers of all other recurrence intervals,
yielding a temporal distribution of effective stream power for each recurrence interval event at
each site.

e Multiply the effective stream power [ft-Ib/(s-ft?)] during each 15-minute time increment by the
duration of that increment (i.e., 900 seconds) to yield the Cumulative Effective Stream Power
[ft-Ib/ft?] for that increment.

e Sum all of the incremental Cumulative Effective Stream Powers for an event (i.e., for each 15
minute increment) to find the Cumulative Effective Stream Power associated with that event.

0 Note: If desired, Cumulative Effective Stream Power can also be expressed in terms of
‘Cumulative Effective Daily Stream Power’ — an expression used in NCHRP Report 717 —
by dividing Cumulative Effective Stream Power [ft:Ib/ft*], by the number of seconds in a
day (i.e., 86,400), yielding units of [ft-Ib/(s-ft?)]. However, since it will likely be rare than
daily stream flow data is the basis for stream power calculations in West Virginia, it is
recommended that these counter-intuitive units of ‘daily stream power’ be avoided.

Where the Average Annual Cumulative Effective Stream Power (Qayerageannual) is desired, the following
additional steps should be taken, which are also illustrated in the accompanying spreadsheet example.

o Apply the probability-weighting approach, multiplying the average Cumulative Effective Stream
Power for two events by the incremental probability between those events, and summing the
product of these over the entire range of probabilities. This approach, shown below in Equation
2, is a stepwise integration that approximates the Annual Cumulative Effective Stream Power.

o  Multiply the Annual Cumulative Effective Stream Power by the number of years since each site
was constructed, resulting in a probabilistically-based estimate of how much Cumulative
Effective Stream Power has been exerted at the site since it was built.
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Where Q = Cumulative Effective Stream Power
A = Average annual probability for a certain event (e.g., 0.200 for a 5 year storm)



2. Scour Mode Decision Tree

Introduction

The scour evaluation methodology presented in NCHRP 717 (2012) is designed specifically for the mode
of scour known as “abrasion and grain-scale plucking of degradable rock” (referred to hereafter simply
as “abrasion”). The application of this methodology, therefore, is appropriate only when field and
laboratory evidence support abrasion as the mode of scour. Fourteen (14) of the 15 bridge sites
evaluated in West Virginia for the current study were characterized by a different mode of scour:
quarrying and plucking of durable rock (referred to hereafter simply as “quarrying”), or some
combination of abrasion and quarrying. For these sites application of the NCHRP 717 (2012) abrasion
methodology vastly under-predicted the actual scour observed in the field. These results emphasize
the importance of correctly identifying the mode of scour operating at bridge sites before attempting to
predict scour for the purpose of bridge maintenance or design.

Presented in Figure 5 and described below is a process, here called a “mode of scour decision tree,” for
determining the mode(s) of scour occurring, or likely to occur, at bridges where piers and/or abutments
are founded on bedrock. The end result from the decision tree places a site in either Tier Il, in which
case abrasion is determined to be the mode of scour and for which the NCHRP 717 (2012) methodology
can be applied, or in Tier lll, which means quarrying is operating as the exclusive mode of scour or in
concert with abrasion. Tier Ill is the more serious condition, as quarrying can result in significant scour
in short periods of time (e.g., during flood events). The decision tree is designed to be conservative,
placing a site in Tier Il if there is at least some evidence consistent with quarrying.

Development of Mode of Scour Decision Tree

According to NCHRP 717 (2012) concrete can be considered a practical benchmark for scour-resistant
material, and therefore rocks that possess the characteristics of concrete can also be assumed to be
resistant to scour. The similarities between these two materials include the ability to support
significant loads, resistance to physical disintegration during wetting-drying (i.e., “slaking”), and heavy
enough for large fragments to remain in place when subjected to significant current or wave action
(NCHRP 717, 2012). These properties of scour-resistant material can be made more objective through
the following:

e Unconfined compressive strength (UCS) > 2,500 psi;

e Remains intact when immersed in water (e.g., jar slake test);
e Specific weight > 150 Ibs./ft?;

e Absence of joints or joint spacing 2 4 ft. (1.2 m.)

If all of the above criteria are satisfied rock can assumed to be resistant to scour. The individual criteria,
however, are relevant to specific modes of scour. For example, UCS and the water immersion test are



relevant to the abrasion mode of scour, while jointing and specific weight are relevant to the quarrying
mode of scour. Thus a rock mass that does not slake, and with UCS greater than 2,500 psi, should be
resistant to abrasion but could still be scoured by quarrying if joints are closely spaced. To distinguish
sites effected by abrasion from sites effected by quarrying (or hybrid sites where both modes occur), the
decision tree developed from this project utilizes a set of criteria based on the above, as well as
additional criteria from NCHRP 717 (2012). Most importantly the list of criteria incorporated into the
decision tree are designed to reflect the geotechnical and geologic conditions encountered in the field
or in the laboratory for rocks present at the 15 West Virginia bridges. The decision tree begins with a
set of field-based criteria:

e Identification of the site location with respect to the two major physiographic provinces in West

Virginia: Appalachian Plateau or Valley and Ridge;
e Identification of dominant rock type(s);

e Inspection of degree of weathering of bedrock;

e Observations of longitudinal channel profile upstream and downstream of bridge;

e Inspection of bedrock surface in immediate vicinity of bridge;
e |dentification of joints and joint spacing, if joints are present;

e General durability or hardness of rock, as measured by a rock hammer blow;

The decision tree assigns a score for each of the field—based criteria. Depending on the total score, the
site is placed in either Tier Ill or samples from the site are recommended for a suite of laboratory tests:

e Continuous slake durability test;

e Unconfined compression test.

In order to validate the decision tree, the criteria were applied to the all 15 West Virginia bridge sites
and scores assigned to each site. The decisions tree correctly identified the mode of scour at all 14 West
Virginia bridge sites where scour was observed and thus recommended the appropriate action (Figure
6).
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DECISION TREE FOR ASSESSING ROCK SCOUR AT BRIDGE SITES AND
DETERMINING APPROPRIATE ACTION

\J

EVIDENCE OF ROCK SCOUR PRESENT

YES

\J

NO -

DETERMINE MODE OF SCOUR

\J

Tier | -- No further
action required

Apply Field Criteria

\J

Geologic Province

Valley & Ridge

Score=1

\J

Appalachian Plateau

Score =0

Rock Type

well-cemented sandstone

siltstone, or limestone

Score=1

shale, claystone, or

poorly-cemented silt- or
sandstone

Score=0

Figure 5 — Mode of Scour Decision Tree
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Weathering

Insignificant weathering

Score=1

Significant weathering

\J

Score=0

Longitudinal Channel Profile

stepped, irregular

Score=1

gradual, regular

Score=0

Scour Surface

angular, square edges

Score=1

scalloped, contoured

Score=0

Joints

Evident and <1 meter apart

Score=1

Not evident or >1 meter apart

Score=0

Rock Hammer Test

Resistant to firm blow

Score=1

Breaks easily

Score=0

Figure 5 (cont.)
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Score Field Criteria
Total Score Total Score
24? 24?
YES NO
Action: Perf
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\J

Action: Perform
laboratory
procedures

Apply Lab Criteria

\

Unconfined
Compression

Test

UCS > 4000 psi

UCS <4000 psi

ft-lb/s/ft

Score=1 Score=0
Continuous
Slake
Durability
Test
GSN*< 5.0 x 10™ GSN*> 5.0 x

10 ft-Ib/s/ft?

Score=1

Score=0

\

Score Lab Criteria

Figure 5 (cont.)




,r Total Score Total Score
>0? >0?
YES NO
TIER 111 - SIGNIFICANT Tier Il -- Action: Calculate GSN,
QUARRYING ABRASION - predict Scour per
PROBABLE CONFIRMED NCHRP 717

Figure 5 (cont.)
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FIELD CRITERIA

LAB CRITERIA

Site GeoProv RockType Wxg Profile Surface Joints Hammer Total Tier | UCS GSN Total Tier
Audra 0.5 1 1 1 1 1 1 6.5 Il [NA NA NA NA
Beverly 1 1 1 1 1 1 0.5 6.5 Il [NA NA NA NA
Bridge Fork 0 1 1 1 0.5 0 1 45 1l [NA NA NA NA
Caldwell Run 0 0 0.5 1 1 0 0 25 lab| 1 1 2 ]
Clear Fork 0 1 1 1 0.5 0 1 45 1 1 0 1 ]
Coon Creek 0.5 0 0 1 0.5 0 0.5 25 lab| O 0 0 ]
Cucumber 0 1 0 0.5 0.5 ? ? 2 lab| 1 1 2 ]
Grassy Run 0.5 1 0.5 1 1 1 0.5 55 1l [NA NA NA NA
Laurel Fork 0.5 1 1 1 1 0.5 1 6 M [ NA NA NA NA
Leatherwood -- Ss 0 1 0 1 1 0 1 4 M| NA NA NA 1l
Leatherwood --Sh 0 0 0 1 0 1 0 2 Lab| O 0 0 ]
Little Sandy 0 0 0.5 0 1 0 0 15 lab| 1 1 2 ]
Mish 1 1 1 1 0.5 0 1 55 1l [NA NA NA NA
Paden Fork 0 0 0 1 1 1 0 3 lab| 1 0 1 ]
Ritter Park / 5th St 0 1 1 1 0.5 1 1 55 1l [NA NA NA NA
Roaring Creek 1 1 1 1 1 1 1 7 I | NA NA NA NA

Figure 6 — Scoring of 15 Bridge Sites using Decision Tree.
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Guidelines for Users of the Mode of Scour Decision Tree

1.

Determining the mode of rock scour requires that a field inspection of rock conditions be performed
by a qualified geologist at the existing bridge or proposed bridge site in question. Tools required
include a measuring tape or stick, camera, rock hammer, and logbook. The field inspection will
include the following:

e |dentification of the site location with respect to major physiographic province;

e |dentification of dominant rock type(s);

e Inspection of degree of weathering of bedrock;

e Observations of longitudinal channel profile upstream and downstream of bridge;

e Inspection of bedrock surface in immediate vicinity of bridge;
e Identification of joints and joint spacing, if joints are present;

e General durability or hardness of rock, as measured by a rock hammer blow;

Each of these characteristics, along with guidance for scoring, is explained in more detail below. A
score of O for a given parameter is consistent with scour by abrasion; a score of 1 is consistent with
scour by quarrying.

Physiographic provinces. Most of West Virginia lies within the Appalachian Plateau. The
eastern parts of the state lie within the Valley and Ridge (see Figure 7). A transitional zone
known as the Allegheny Front or Allegheny Mountain Section separates these two physiographic
provinces. Rock strata in the Appalachian Plateau are typically flat-lying, while those in the
Valley and Ridge have been deformed during ancient mountain-building events and often lie at
an angle relative to horizontal. Sites within the Appalachian Plateau should be assigned a score
of 0, sites in the Valley and Ridge should be scored as 1, and sites in the Allegheny Front or
Mountain Section should be scored as 0.5.

Dominant rock type(s). Rocks in West Virginia tending to scour by abrasion consist of
mudstones such as shale and claystone. Poorly indurated sandstone or siltstone may also scour
by abrasion. These rock types should be assigned a score of 0. More durable rocks such as most
sandstone, limestone and siltstone are more likely to resist scour altogether or, if jointed, to
scour by quarrying. These latter rock types should be assigned a score of 1.
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Figure 7 — Physiographic Provinces in West Virginia (from West Virginia Geological Survey).

Degree of weathering. Mechanical and chemical weathering occurs as air and water interact
with the minerals that make up rocks. One effect of weathering is to reduce the strength of
rocks. Generally the amount of weathering that would significantly weaken rock requires spans
of geologic time, not the length of time that a bridge is in service. Those weathering processes
that destroys bonding between mineral grains makes rocks more susceptible to scour by
abrasion. These processes include slaking of shales, a type of mechanical weathering caused by
repeated wetting and drying, and various types of chemical weathering such as dissolution,
oxidation, and hydrolysis that can affect siltstone, sandstone, and limestone. Some indicators of
chemical weathering include pitting, iron-staining, and formation of secondary clay minerals.
Most rocks are weathered on their exterior surfaces but may not be weathered below this
depth. The geologist should break open a rock sample during the field inspection to determine
if weathering is pervasive within the interior of the rock and thus likely to compromise rock
strength. A significantly weathered rock should be assigned a score of 0; a rock with
insignificant weathering, appearing fresh on the inside, should be assigned a score of 1. If there
is uncertainty in the result, or in the case of marginal weathering, a score of 0.5 should be
assigned.
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Longitudinal channel profile. This criterion involves the slope of the bedrock channel surface
within a span extending approximately 300-500 feet upstream of a bridge to the same distance
downstream. If the bedrock surface slopes gradually within this span it should be assigned a
score of 0; if it slopes irregularly, or displays a stair-step like profile, it should be assigned a score
of 1. In the latter case the channel floor is often littered with rock slabs or tablets that have
been removed by quarrying upstream and are transported downstream during high-flow events.
An intermediate case can be assigned a score of 0.5.

Bedrock surface. The surfaces of rocks below an abutment or pier should be inspected. If rock
has been removed by scouring, the nature of the scoured surface will provide clues as to the
mode of scour. Surfaces affected by abrasion have been variously described as smoothed,
contoured, fluted, or scalloped, indicating gran-by-grain removal of material (Figure 8). This
appearance should be assigned a score of 0. If on the other hand, the scoured surface appears
to have had angular chunks or blocks of material removed, this is indicative of quarrying and a
score of 1 should be assigned (Figure 9). If both types of surfaces are present a score of 0.5 can
be assigned (Figure 10).

Figure 8 — Example of scalloped surface characteristic of abrasion scour (Coon Creek Bridge) .
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Figure 10 — Example of scour by both abrasion (A) and quarrying (Q) [Paden Fork Bridge].

Joints and joint spacing. If bedrock below a bridge is not jointed, or the average spacing
between joints is more than approximately 3 feet, a score of 0 should be assigned. In contrast, if
rock is jointed and the average spacing between joints is less than approximately 3 feet, the site

should be assigned a score of 1 (Figure 11).

Hardness of Rock. A rock hammer should be used to strike a firm hammer blow against bedrock
below bridge abutments and/or piers. If the hammer breaks the rock, the rock can be
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Figure 11 — Example of jointing (Audra Park Bridge). Arrows show joint spacing

considered non-durable and should be assigned a score of 0; if the hammer does not break the
rock, the rock should be considered durable and a score of 1 should be assigned. A marginal
result can be assigned a score of 0.5. Additional considerations include sound (non-durable
rocks will emit a dull thud when struck; durable rocks will emit a high-pitched ping) and rebound
(a non-durable rock will absorb much of the energy from a hammer blow; a hammer striking a
durable rock will often bounce back as a result of elastic rebound).

Scores from the field-based criteria should be totaled. A total score of 4 or more suggests a
significant component of quarrying and places the bridge in Tier lll (), requiring a more detailed
evaluation. A total score of less than 4 suggests abrasion but requires confirmation from laboratory
evaluation of rock samples.
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3.

For sites requiring laboratory analyses, the following tests should be performed:

e continuous slake durability test (CSDT);

e unconfined compression strength (UCS).

Figure 1 indicates that a geotechnical scour number (GSN) of greater than 5.0 x 10 ft-lbs/s/ft?
from the CSDT should be assigned a score of 0, while a lesser GSN should be assigned a score of 1.
In addition, a UCS of less than 4,000 psi should be assigned a score of 0, while a greater UCS should
be assigned a score of 1.

Scores from the laboratory analyses should be totaled. A total score greater than 0 suggests a

significant component of quarrying and places the bridge in Tier, requiring a more detailed
evaluation. A total score of 0 confirms abrasion and places the site in Tier Il.
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3. Computing Geotechnical Scour Number (GSN)

Geotechnical Scour Number (GSN) is a computed parameter meant for application on degradable (i.e.,
non-durable) rock where the abrasion mode of scour is anticipated. GSN ultimately attempts to relate
the scour behavior for a sample tested in a lab environment to the scour behavior of rock in the field.
Specifically, Scour Number is the scour depth divided by cumulative stream power, and in the case of
GSN, the procedure that has been developed equates the change in the sample during the experimental
period to an ‘Equivalent Scour Depth’, and the energy imparted to the sample by a rotating
experimental apparatus to an ‘Equivalent Stream Power’.

Application of the GSN approach was undertaken in RP-273, and the procedures described below
summarize the approach that was used in that project. Similar methods can be used for any site where
experimental derivation of GSN is desired.

Field Drilling of Rock Samples

During RP-273, rock coring into the 10 feet of bedrock immediately below the bridge abutments was
performed at two locations per site, one location adjacent to each abutment. Upon extraction from the
borehole, the rock core was immediately logged, photographed, and evaluated for rock quality
designation (RQD) according to ASTM 6032.

Each 5-foot length of rock core was then double-wrapped, first in a 5-mil wax film (Parafilm or equal)
followed by a heavy gauge sheath of flexible plastic. The package was secured with duct tape and
labeled, then placed in a protective core box for transport. During transport the core boxes were
wrapped in moving blankets (or equivalent padding) to minimize the impact of potential vibration. The
above procedures were consistent with ASTM D 2113 Section 5.0. One or two additional rock samples
were collected and preserved from surface exposures at or immediately adjacent to the bridges.

Lab Analysis of Rock Sampling

Rock core and surface exposure samples were subjected to testing for specific gravity at natural (field)
moisture conditions and modified slake durability (continuous abrasion). Cores samples were also tested
for unconfined compressive strength (UCS). All tests were conducted in accordance with applicable
ASTM standards and NCHRP Project 24-29.

The slake durability apparatus used for this project consisted of two drums, so two tests could be run at
a time. The testing methodology was based on the modified procedure as described in the NCHRP
Project 24-29, which is based on Dickenson and Baillie (1999). Rock pieces taken from both surface
exposure and core samples met the test method requirements for mass (10 pieces at 40-60 grams each).
However, pieces taken from the surface exposure samples more nearly met the requirement that pieces
be equidimensional than those from the core samples which, by necessity, were disc-shaped, with the
long dimension equal to the core diameter (see Figure 13).
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Figure 12 — Rotating drum used in the continuous slake durability tests.

The fundamental goal of the testing is to define the linear portion of the curve relating scour depth to
stream power. This requires three or more points on this portion of the curve, with each point
corresponding to a multiple of a 60-minute continuous abrasion cycle. For example, depending on the
rock type, the linear portion of the curve may be sufficiently delineated by the weight loss at 180, 240,
and 300 minutes; 300, 360 and 420 minutes; or 360, 420 and 480 minutes of continuous abrasion.
Figure 13 shows an example of rock samples before and after continuous slake durability testing.

Figure 13 — Example of rock samples before (left) and after (right) continuous slake durability testing.
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Derivation of Depth of Scour and Equivalent Stream Power from Lab Testing

The modified slake durability testing requires that mass lost during each 60-minute cycle be recorded
and then converted to a volume using the natural (field) saturated specific gravity of the rock being

tested:

Vi = Mi/}’sat
V; = incremental volume lost during 60-minute test interval (L),

M; = incremental mass lost during 60-minute test interval (M),
Ysat = natural (field) saturated specific gravity of the rock being tested (M/L3).

Multiple measurements at successive test intervals up to 9 hours result in a series of V; which are then

normalized by a unit area to derive a linear dimension equivalent to a depth of scour for each interval:

Dx+60 min) = Vi (x*60 min)/ unit area

D(x~60 min) = equivalent depth of scour corresponding to test interval x (= 1,2,3 ...9)

minutes (L),

Vi (x*60 min)= incremental volume lost during test interval x (= 1,2,3 ...9) minutes, (L),

unit area = area in appropriate units (L?).

Equivalent stream power for each test interval can be calculated based on the average weight of sample
per test interval, the distance (equivalent length) traveled by the sample in the submerged rotating
drum during the test interval, and the time of the test interval:

w=Lt [Wp:Wpey) 1/ [2A1/5]
o = equivalent stream power [force* L/T/L%),
L = equivalent length (L),
t = incremental time of test interval (T).
[ W)+ Wix.1) 1/ 2 = average weight of sample during test interval (force).
A(1/3) = area of submerged portion of drum (1/8 of total area).

The final result of each modified slake durability test, then, allows a plot of w versus D for multiple test
intervals. An example from Keaton and Mishra (2010) is shown in Figure 14:
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Figure 14 — Plot of Equivalent Scour Depth vs. Equivalent Stream Power

It should be noted that as the test proceeds (increasing time, above), data points define a trend that
approaches lower values of both stream power and scour. This is because stream power is a function of
sample weight which, as the sample progressively abrades, is decreased in later test intervals.

Derivation of Geotechnical Scour Number

When the linear portion of the equivalent scour versus equivalent stream power plot is considered, a
slope can be defined for each test (Figure 15). This slope can then be expressed as scour per unit stream
power (e.g., foot of scour per unit of power). A higher GSN represents a higher slope; a lower GSN
represents a lower slope. In other words, higher values reflect a greater amount of scour, or abrasion,
per unit stream power, while lower values reflect a lesser amount of scour, or abrasion, for the same
expenditure of stream power. This parameter, the geotechnical scour number (GSN), becomes the basis
by which the scour potential of different rock types can be compared when scour is occurring by
abrasion of degradable rock. In addition, for sites affected by abrasion, the GSN becomes the starting
point for relating calculated values of cumulative stream power at bridge sites to predicted scour depth.
Since the mode of scour was not always initially evident from field inspection, GSN was calculated for all
bridge sites evaluated for this project. Regardless of scour mode, the GSN and GSN* serve as a useful
means of comparing the abrasion resistance of different rock types.

The GSN can be calculated in two different ways: 1) by forcing a zero-intercept for the best-fit line, and
2) by not forcing a zero-intercept. The former method follows the procedures specified in NCHRP 717,
which is meant for degradable (i.e., less abrasion-resistant) rocks that trend toward near-zero values of
equivalent steam power and equivalent scour depth. In such cases, forcing a zero-intercept both honors
the data and produces a relatively strong linear correlation. However, for continuous slake durability
data from the 15 West Virginia bridges studied in RP-273, the median coefficient of determination (R?)
was only 0.13 when the GSN was calculated in this manner. In contrast, for GSN calculated without
forcing a zero-intercept, the median R? value was 0.79. These differences are primarily due to the fact
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that scour of rock at the majority of West Virginia bridges studied occurs by some degree of quarrying of
durable, jointed rock, rather than by abrasion of degradable rock. Durable rock, by definition, tends to
be resistant to abrasion. When subjected to a modified slake durability procedure, durable rocks retain
significant mass, and thus stream power, throughout the test, and a linear regression on the data
intersects the x-axis (stream power axis) at a significant positive value. The physical significance of this
x-axis is known as the “threshold value” and represents the minimum stream power needed to initiate
abrasion scour (NCHRP 717).

Figure 15 shows a representative example from the project data of GSN calculated both with and
without forcing a zero-intercept and the resulting change in GSN and R%. For the remainder of this
report, GSN will be used to refer to the slope of the best-fit line determined from the zero-intercept
method (per NCHRP 717), and GSN* will be used to refer to the slope of the best-fit line determined
from the non-zero-intercept method.
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Figure 15 — Representative plot of continuous slake durability test results with linear trend of late-time
data determined with and without forcing a zero-intercept.
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4. Site Classification by Average Annual Cumulative Effective Stream Power

A study of bridge sites in West Virginia where rock scour was present demonstrated that quarrying of
durable rock was a more common mode of scour than abrasion of degradable rock; quarrying was
determined to be the primary or contributing mode of scour at 14 of 15 sites. Since the Geotechnical
Scour Number approach is not applicable to scour caused by quarrying, an alternate means of classifying
scour behavior must be undertaken.

Section 2 of this document introduced classification of sites by scour mode by using the Scour Mode
Decision Tree. Implementing that approach at sites in West Virginia would add to the existing survey of
scour mode at the 15 sites studied in RP-273. Coupled with estimates of any scour depth that is
observed, this would enable WVDOH to develop a representation of how many sites fit into each scour
mode category. The sites studied in RP-273 purposefully included those where scour was known to be a
problem, and thus it is not known what fraction of WVDOH’s inventory of bridges fit into each scour
mode tier.

Similar to classifying sites by scour mode, it would also be possible for WVDOH to compute the Average
Annual Cumulative Effective Stream Power at bridge sites, and use the resulting spectrum of values to
categorize sites by the relative work imparted to rock by streams. Since stream power is a function of
both flow depth and flow velocity, larger watersheds — with relatively deeper ongoing flow depths and
higher flow velocities — accumulate stream power at a greater rate than smaller watersheds. There are
exceptions to this general trend, however, and so watershed area cannot be used as a direct substitute
for the computational process described in Section 1 of this document.

The sites included in RP-273 were investigated for breakpoints relative to Average Annual Cumulative
Effective Stream Power, and were grouped according to relatively low, medium, and high values, as
shown in Table 1.

Table 1 — Stream Power Groups and Sample Values

Average Annual Cumulative Effective Stream Power, Q,yerage annual (ft-Ib/ft%)
Group A (Low) Group B (Medium) Group C (High)
(Q average annual < 1,000 ft-Ib/ft?) (1,000 < Q yerage annual < 15,000 ft-lb/ft?) | (Q average annuat > 15,000 ft-Ib/ft?)

Grassy Run 686 Laurel Fork 5,642 5% St Ritter Park 31,871
Mish Rd. 7,015 Bridge Fork 54,444

Little Sandy 7,560 Beverly 82,293

Paden Fork 10,436 Coon Creek 144,645

Caldwell Run 11,464 Audra Park 193,437

Cucumber 11,669 Roaring Creek 196,913

Leatherwood 13,263 Clear Fork 296,961

Average 9,578 Average 142,938
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If, over time, WVDOH expands the number of sites where analyses have been performed to determine
Average Annual Cumulative Effective Stream power, then the distribution of bridge sites within each
category would be better known. Additionally, adjustments to the threshold defining each group could
be changed based on the number of sites observed to be in each category, and any trends related to
simultaneous site classification by Scour Tier, and measurements of scour depth. Since Average Annual
Cumulative Effective Stream power is expressed on the basis of power exerted per year, it may also be
most meaningful to characterize observed scour depths in terms of scour depth per year, such that
annualized work could be compared against an annualized result of that work (i.e., scour).

28



