
The final version of this Case Study is published in the  American Society of Civil Engineers 
Journal of Hydrologic Engineering.

http://ascelibrary.org/doi/abs/10.1061/(ASCE)HE.1943-5584.0001354


Reanalysis of a Flood of Record Using HEC-2, HEC-RAS, and USGS Gage 1 

Data  2 

 3 
Andrew C. Weaver, P.E., CFM, M.ASCE 4 

 5 

President, Envalue Engineering, 3100 Parker Drive, Lancaster, PA 17601. E-mail  6 

aweaver@EnvalueEngineering.com. 7 

 8 

Abstract: Three independent analyses establish that the Conestoga River flow published by 9 

the U.S. Geological Survey for Tropical Storm Agnes in 1972 of 1 420 cubic meters per second 10 

(50 300 cubic feet per second) should have been at least 1 660 cubic meters per second (58 600 11 

cubic feet per second), an increase of over 16 percent. The three analyses included an empirical 12 

analysis of the data for U.S. Geological Survey gage 01576500, a re-analysis of a 1978 HEC-13 

2 simulation of the Conestoga River, and a retrofit and minor corrections to a preliminary 2013 14 

HEC-RAS simulation of the Conestoga River. 15 

 16 

Introduction 17 

 The 1972 tropical storm (U.S. Geological Survey and the National Oceanic and 18 

Atmospheric Administration, 1975) resulting from Hurricane Agnes (Agnes) caused the flood 19 

of record at the U.S. Geological Survey gage 01576500 at the city of Lancaster, Pennsylvania 20 

(Figure 1). The U.S. Geological Survey determined in 1990 that the peak flow was 1 420 cubic 21 

meters per second, or 50 300 cubic feet per second. Because the gage failed during the flood, 22 

the U.S. Geological Survey estimated the peak flow using observed high water marks and 23 

hydraulic analysis described by Benson and Dalrymple (1967). The hydraulic analysis included 24 

the control for gage 01576500 located 18 meters (60 feet) downstream--the five-arch stone 25 

Viaduct shown in Figure 2. The hydraulic capacity of the rightmost arch (looking downstream) 26 

was altered beginning in October 1990 when the Pennsylvania Department of Transportation 27 

replaced an existing unpaved road located a meter or so above the normal water level by the 28 
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four-lane Pennsylvania Highway 23 (East Walnut Street) built approximately 3 meters higher 29 

than the unpaved road and occupying the entire base of the arch. 30 

 The U.S. Geological Survey stream gage 01576500 is located on the left bank looking 31 

downstream. In Figure 2 the gage housing is obscured by a few trees. The gage datum is at an 32 

elevation of 74.868 meters (245.63 feet). The Supplemental Data File S1 includes latitude, 33 

longitude, and website for the gage. The upstream drainage area is 839 square kilometers (324 34 

square miles). The gage datum is defined with National Geodetic Vertical Datum (NGVD) of 35 

1929, with the conversion from NGVD 1929 to the North American Vertical Datum (NAVD) 36 

1988 of -0.25 meters (-0.82 feet) (Federal Emergency Management Agency, 2005). A weir 37 

across the third and fourth arches from the east bank may have been constructed to pool water 38 

upstream of the Viaduct, because the Lancaster City water intake is located approximately 100 39 

meters upstream. At an elevation of 75.13 meters (246.50 feet) NGVD 1929, the weir is level 40 

and 1.2 meters above the low point in the river-bed, according to a 1978 HEC-2 simulation 41 

(Roy F. Weston, Inc., 1978). 42 

 The Geological Survey determination of the peak flow from Agnes was complex, but 43 

illustrates the uncertainty in estimating these large peak flows by indirect methods (Benson and 44 

Dalrymple, 1967). Because Agnes flooded and shut down gage 01576500, the U.S. Geological 45 

Survey initially estimated the peak flow as 2 500 cubic meters per second (88 300 cubic feet 46 

per second) (U.S. Geological Survey and the National Oceanic and Atmospheric 47 

Administration, 1975) based on a water surface height of 8.47 meters (27.8 feet) (unpublished 48 

revision request dated August 4, 1989) after the 1972 flood, and this was the flow published in 49 

Federal Emergency Management Agency (1980). A HEC-2 simulation (Boswell Yule Jordan 50 

Engineering, 1989) determined a new flow for Agnes of 1 150 cubic meters per second (40 500 51 

cubic feet per second) based on HEC-2 (U.S. Army Corps of Engineers-HEC, 1990, revised 52 

1991) water surface profiles computed in January of 1989. In response to the August 4, 1989 53 



revision request, Flippo (unpublished Revision Comments, 1990) first revised the 1972 peak 54 

flow to 1 690 cubic meters per second (59 600 cubic feet per second). After further 55 

consideration, the Geological Survey revised the 1972 peak flow to 1 420 cubic meters per 56 

second (50 300 cubic feet per second) and revised the 1972 peak water surface elevation to 57 

8.59 meters (27.9 feet) pending construction of the four lane highway through the westernmost 58 

arch of the Viaduct.. Flippo (unpublished Revision Comments, 1990) did not mention the 59 

Boswell Yule Jordan Engineering estimate of 1 150 cubic meters per second (40 500 cubic feet 60 

per second) in his Revision Comments. The peak flow and peak water surface elevation have 61 

not been revised since 1990. 62 

 This paper reports the independent re-analysis of this vital flood of record and 63 

recommends a further increase in flow based on three independent sources of information. 64 

These sources are; 65 

(1) The July 17, 2015 U.S. Geological Survey rating curve for gage 01576500. 66 

(2) A HEC-2 hydraulic analysis done during 1978 for the U.S. Federal Emergency 67 

Management Agency. 68 

(3) A preliminary 2013 HEC-RAS hydraulic analysis (unpublished) also for the U.S. 69 

Federal Emergency Management Agency. 70 

Analysis of Gage 01576500 Rating Curve 71 

 The U.S. Geological Survey updates the Lancaster and all other gage stage-discharge 72 

curves periodically. Figure 3 presents the July 17, 2015 relationship from 73 

http://waterdata.usgs.gov/nwisweb/data/ratings/exsa/USGS.01576500.exsa.rdb and also 74 

shows 85 annual peak flows from 75 

http://nwis.waterdata.usgs.gov/pa/nwis/peak/?site_no=01576500&agency_cd=USGS 76 

beginning with 1929 and ending with the annual peak flow for 2014. Although the gage record 77 

spans 86 years, the annual peak flow for 1932 did not include a water surface height and could 78 

http://waterdata.usgs.gov/nwisweb/data/ratings/exsa/USGS.01576500.exsa.rdb


not be plotted. The rating curve in Figure 3 is weighted to lower water surface elevations that 79 

caused the relationship to significantly deviate from a power relationship Rantz S.E. et al. 80 

(1982). The 1929, 1930, and 1931 peak flows are outliers not included in further analyses.  81 

 The June 23, 1972 flood of record is plotted in Figure 3 based on the final 1990 estimate, 82 

having a water surface height of 8.59 meters (27.9 feet) and flow of 1 420 cubic meters per 83 

second (50 300 cubic feet per second). The second highest maximum annual water surface 84 

height occurred September 8, 2011 when water 6.64 meters (21.3 feet) above the gage datum 85 

also flooded and shut down the gage; the indirect estimate of flow was 855 cubic meters per 86 

second (30 200 cubic feet per second). Figure 3 shows that the pre-1990 annual peak flows (the 87 

57 diamond points not including the annual peak flows from 1929 through 1932) mostly plot 88 

above the present curve. The average amount by which the pre-1990 measured flows exceed 89 

those obtained from the the July 17, 2015 rating curve is 9 percent. The average amount by 90 

which the 1990 through 2014 annual peak flows (the 24 square points) plot below the curve is 91 

2.7 percent. The algebraic difference of 11.7 percent makes sense because the four lane 92 

highway built in 1990 reduced the open area of the stone Viaduct, and a given flood height 93 

since 1990 corresponds to a lower flow, as shown by the newer square points. 94 

 Using engineering judgement the author determined a lower limit for the flows shown 95 

in Figure 4 by plotting only those annual peak flows equaling or exceeding a 2.33-year flood 96 

of 250 cubic meters per second (8 700 cubic feet per second). This study determined the 97 

magnitude of a 2.33-year flood using the Expected Moments Algorithm (Cohn, et al, 1997) in 98 

the PeakFQ computer program (Flynn, et al., 2006). The input for PeakFQ included the final 99 

estimate for the 1972 annual peak flow (Agnes) of 1 420 cubic meters per second (50 300 cubic 100 

feet per second) and included all annual peak flows from 1933 to 2014. 101 

This 2.33-year flow is significant for two reasons: 102 

1. It is the mean annual flood for gage 01576500 (Dalrymple, 1960). 103 



2. The corresponding water surface height from the July 17, 2015 rating curve is 3.48 104 

meters (11.42 feet), which approximately equals the elevation of the published flood 105 

stage for the gage, 3.4 meters (11 feet). 106 

The 2-year flow using the same EMA analysis was 220 cubic meters per second (7 800 cubic 107 

feet per second). Had this been the lower cutoff it would have added three additional annual 108 

peak flows (1951, 1967, and 1975) to the power curve, however for all three flows the measured 109 

water surface height was from 0.18 meters (0.6 feet) to 0.24 meters (0.8 feet) below flood stage. 110 

 The discrete rating curve 111 

<http://waterdata.usgs.gov/nwisweb/data/ratings/exsa/USGS.01576500.exsa.rdb> passes 112 

directly through the 2011 and the 1972 flows. Because of the 1990 decrease in cross section, 113 

the 1972 flow should exceed the July 17, 2015 rating curve along with the other maximum 114 

annual flows observed prior to 1990. Alternatively the Lancaster rating should show 115 

corrections for each stage-discharge measurement prior to 1990. To extrapolate the 1972 flood 116 

of record from annual maximum flows prior to 1990, a power curve Q = 58.927 S2.0751 (long 117 

dashed line in Figure 4) was the best fit of that portion of the annual maximum series.  118 

 This study also fit the short dashed power curve Q = 58.496 S2.00401 to evaluate the 119 

indirect 2011 flow estimate from the post-1990 portion of the annual maximum series. The 120 

solid line of discrete points in Figure 4 is the July 17, 2015 U.S. Geological Survey rating curve 121 

<http://waterdata.usgs.gov/nwisweb/data/ratings/exsa/USGS.01576500.exsa.rdb> for flows 122 

exceeding 2 50 cubic meters per second (8 840 cubic feet per second). This study did not use 123 

the round data points for the 1972 and 2011 floods of record to fit the power curves, thus 124 

avoiding bias in evaluating the extrapolations of the series of the pre- and post 1990 annual 125 

maximum flows.  126 

 This study extrapolated the short dashed power curve equation fit to eleven square data 127 

points representing annual maximum floods from 1994, 1996, 1997, 1999, 2000, 2003, 2004, 128 
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2006, 2007, 2013, and 2014 to estimate a flow for the 2011 flood of 850 cubic meters per 129 

second (30 000 cubic feet per second) at a water surface height of 6.64 meters (21.3 feet). This 130 

extrapolated flow is very close to the U.S. Geological Survey estimate of 855 cubic meters per 131 

second (30 200 cubic feet per second). The correlation coefficient (R2) is 0.99. 132 

Results – 1972 Flood 133 

 This study extrapolated the long dashed power curve equation fit to twenty square data 134 

points representing the annual maximum floods, exceeding the 2.33-year flood, beginning with 135 

1933 and ending with 1989. The estimated flow for the 1972 flood was 1 670 cubic meters per 136 

second (58 900 cubic feet per second) at a water surface height of 8.50 meters (27.9 feet). The 137 

correlation coefficient (R2) is 0.95. This extrapolated flow compares favorably with the initial 138 

U.S. Geological Survey revision to the Agnes flow, estimated by Flippo (unpublished Revision 139 

Comments, 1990) to be 1 690 cubic meters per second (59 600 cubic feet per second). 140 

 The analysis of the U.S. Geological Survey gage rating curve was an empirical first 141 

approximation indicating that a peak flow for Agnes could have exceeded the 1990 estimate of 142 

1 420 cubic meters per second (50 300 cubic feet per second). Two other ways to check the 143 

flow for Agnes were available. Roy F. Weston, Inc. (1978) published the HEC-2 analysis. 144 

Dewberry, Inc. (unpublished, 2013) prepared a preliminary HEC-RAS analysis. This study 145 

repeated the 1978 backwater simulation and 2013 simulation using HEC-RAS (U.S. Army 146 

Corps of Engineers-HEC, 2010a, 2010b) to ensure comparability. The reanalysis of the 1978 147 

backwater simulation and check of the 2013 preliminary simulation required the hydraulic 148 

characteristics of the Conestoga River Viaduct before 1990, and a boundary condition 149 

downstream of the Viaduct. 150 

1978 Back Water Analysis 151 

 The 1978 HEC-2 simulation was based on the National Geodetic Vertical Datum 152 

(NGVD) of 1929, the same datum for the complete record still being measured at U.S. 153 



Geological Survey gage 01576500. The conversion to the North American Vertical Datum 154 

(NAVD) of 1988 is NGVD 1929 – 0.25 meter (- 0.82 feet) = NAVD 1988. The river stations 155 

began at the confluence of the Conestoga River with the Susquehanna River, approximately 35 156 

kilometers downstream of gage 01576500. The 1978 and 2013 river stations differ by about 157 

122 meters (400 feet) in the vicinity of the gage. The original HEC-2 simulation is in 158 

Supplemental File S2, and a HEC-2 input file for import into HEC-RAS is Supplemental File 159 

S3. Supplemental File S4 includes the HEC-2 simulation after being imported into HEC-RAS. 160 

High-water Mark 161 

 Even though the U.S. Geological Survey gage failed during Agnes, the high-water mark 162 

inside and outside the gage housing was established by the U.S. Geological Survey in 1990 to 163 

be 8.50 meters (27.90 feet), which, when added to the gage datum of 74.87 meters (245.63 164 

feet), produced a water surface of 83.37 meters (273.53 feet) NGVD 1929. 165 

The Conestoga River Viaduct 166 

  The arches of the Viaduct are 16.5 meters (54 feet) wide as entered in the 1978 HEC-2 167 

simulation. The flow depth in Agnes averaged 4.3 meters (14 feet) in Arch 1 (East bank) and 168 

6.6 meters (21.5 feet) in Arch 2. The slope distance of the ground surface between the arches 169 

is no more than 0.3 meter (1 foot) greater than the arch width, or no more than 2 percent greater. 170 

Considering two sides to each arch, the sides of the arches make up 37 percent of the wetted 171 

perimeter for Arch 1 and 43 percent for Arch 2. For Arches 3 and 4, the sides of the arches 172 

located above the weir accounted for 50% of the wetted perimeter during Agnes (60 percent if 173 

the starting point was the river bed). In Arch 5 the sides accounted for 43 percent of the wetted 174 

perimeter prior to construction of East Walnut Street.  175 

Downstream Boundary Condition 176 

 Determining a starting water surface to use downstream of the flow gage was 177 

complicated by two ambiguities – the location and the correct elevation of the downstream 178 



boundary condition. Flippo (unpublished Revision Comments, 1990) wrote that the flow of 179 

record was "... computed on the basis of 71.60 feet for the tailwater". With no information in 180 

the record indicating where this "tailwater" was observed, this study used the most downstream 181 

cross section in the HEC-2 input file, at River Station 117+986 feet upstream of the mouth of 182 

the Conestoga River (see HEC-2 Supplemental File S2). This cross section was located 975 183 

meters (3 200 feet) downstream of gage 01576500. Identifying this as the most downstream 184 

cross section might seem counterintuitive unless viewed in context. In 1978, the detailed flood 185 

simulations often began and ended at municipal boundaries, or where sufficiently valuable 186 

property at risk of flood damage justified the additional expense of the detailed simulation. For 187 

the Conestoga River reach that included gage 01576500, the HEC-2 input file began 975 meters 188 

(3,200 feet) downstream of the flow gage, making that the most likely location for 189 

measurement of the tailwater immediately after the flood.  190 

 The second ambiguity regarding the tailwater elevation was more easily resolved. 191 

Because the U.S. Geological Survey gage datum is 74.87 meters (245.63 feet), the so-called 192 

tailwater elevation of 71.60 feet referenced by Flippo only made sense if he actually meant 193 

271.60 feet, or 82.78 meters. 194 

 This effort then imported the 1978 HEC-2 file into HEC-RAS while retaining the 195 

NGVD 1929 elevations but changing the downstream boundary condition to 82.78 meters 196 

(271.60 feet). The author set the flow at 1 420 cubic meters per second (50 300 cubic feet per 197 

second) as estimated by Flippo (unpublished Revision Comments, 1990). The HEC-RAS 198 

simulated water surface elevation at the gage was 83.39 meters (273.58 feet) NGVD 1929, 199 

which was very close to the recorded high-water mark of 83.37 meters (273.53 feet). This also 200 

falls well within the expected tolerance of 0.15 meters (0.5 feet) when HEC-2 files are imported 201 

into and run in HEC-RAS (Federal Emergency Management Agency, 2002).  202 

 Simulating the observed high-water elevation at gage 01576500 provided excellent 203 



verification of the downstream boundary condition and indicated how the U.S. Geological 204 

Survey may have estimated the 1972 Agnes peak flow (Flippo unpublished Revision 205 

Comments, 1990). Despite this, some round 2 corrections appeared necessary for the 1978 206 

HEC-2 input data. 207 

 The final revision to the initial simulation was to decrease the Manning coefficient of 208 

the main channel from 0.04 to 0.036 at cross section 184.010, located 139 meters (455 feet) 209 

downstream of the Viaduct. The HEC-RAS simulated water surface elevation at the gage was 210 

then 83.37 meters (273.53 feet) NGVD 1929, matching the recorded high-water mark at the 211 

gage and calibrating the simulation. 212 

Additional Revisions to the 1978 HEC-2 Viaduct Modeling 213 

 In the 1978 simulation, Roy F. Weston, Inc. described the Viaduct using 5 separate cross 214 

sections, as shown in Figure 5. The cross section numbers used in the HEC-2 input file had no 215 

relation to the river station, so this study renumbered these sections in HEC-RAS; cross section 216 

183.0, located 975 meters (3 200 feet) downstream of the Viaduct was redesignated cross 217 

section 1. The renumbered cross sections are listed in Table 1, along with the HEC-2 218 

designation and a brief description of each. The weir spanning the third and fourth Viaduct 219 

arches became part of cross section 6. 220 

 Two issues with the 1978 HEC-2 simulation related to the internal Viaduct cross 221 

sections were the selections of dimensionless (1) expansion and contraction coefficients and 222 

(2) Manning roughness coefficients. In comparing the expansion and contraction coefficients 223 

from cross section 8 immediately upstream of the Viaduct to those for cross section 7 inside 224 

the Viaduct, the use of 0.6 and 0.8 for abrupt transitions (the local standard of care at the time 225 

(U.S. Army Corps of Engineers, 1990)) should likely have been 0.3 and 0.5, respectively, as is 226 

current practice (U.S. Army Corps of Engineers, 2010a). 227 

 This investigation also examined the 1978 expansion and contraction coefficients inside 228 



the Viaduct. Excepting the 1.2 meter (4 foot) high weir in arches 3 and 4 of cross section 6, 229 

these Viaduct cross sections have the same shape, yet in the 1978 HEC-2 model, the expansion 230 

and contraction coefficients were set to 0.3 and 0.5, respectively, between sections 5, 6, and 7. 231 

More appropriate expansion and contraction coefficients for cross sections 5 and 7 were 0.0 232 

and 0.0 which indicate no or negligible transition losses. Because of the weir, this study selected 233 

minimal coefficients of 0.1 and 0.3 for cross section 6, despite the weir being submerged by 234 

over 7 meters of water during Agnes. 235 

 Immediately downstream of the Viaduct, the expansion and contraction coefficients 236 

were originally entered as 0.6 and 0.8 at section 4, again indicating an abrupt transition using 237 

1978 practice. Using current practice (2015) these coefficients should have been 0.3 and 0.5, 238 

respectively, given the relative uniformity of the river cross sections. Table 1 lists revised 239 

expansion and contraction coefficients for the Viaduct.  240 

 The second correction to the Viaduct involved the Manning coefficients used to model 241 

surface roughness in the Viaduct cross sections. The 1978 specified cross sections 5 and 7 242 

inside the Viaduct are shown in Figure 6 (cross section 6 is shown in Figure 7). As shown in 243 

Figure 6 within the Viaduct, the 1978 simulation (Roy F. Weston, Inc. 1978) varied the 244 

Manning coefficient between arches 3 and 4 bridging the main channel as 0.04 versus 0.08 for 245 

arches 1 and 2 on the east floodplain and 0.12 for part of the west floodplain under arch 5. 246 

Under arch 5 the Manning coefficient assigned to the dirt road was 0.01, 0.04 assigned to the 247 

floodplain to the east of the road, and 0.12 assigned to the slope west of the road. Other than 248 

the Manning coefficient of 0.04, none of the other values make sense within these stone arches.  249 

 Using the values in USDOT (1961) as guidance, along with Engineering judgement, 250 

this study used a Manning coefficient of 0.02 for the sides of the arches, which make up 30 to 251 

60 percent of the wetted perimeter of each arch. This study used a Manning coefficient of 0.05 252 

for the heavy weeds and scattered brush between Arches 1 and 2. This is at the low end of the 253 



suggested range of 0.05 to 0.07 (USDOT, 1961) but is reasonable considering the 254 

approximately 5 to 7 meter (16 to 23 foot) depth of flow between these arches during Agnes, 255 

which would have flattened any vegetation present. No trees or large shrubs were visible in an 256 

aerial photograph taken on July 5, 1971 (see Supplemental Figure S5). As a result of these 257 

observations, the author changed the Manning coefficients to 0.04 for the entire width of each 258 

cross section within the Viaduct. These Manning coefficients were also in general agreement 259 

with those used by Dewberry (unpublished, 2013) for the internal bridge sections in their 260 

simulation.  261 

 After revising both the expansion and contraction coefficients and the Manning 262 

coefficients, the author re-ran the 1978 simulation in HEC-RAS with the downsteam water 263 

surface elevation of 82.78 meters (271.60 feet) presumed to have been observed at cross section 264 

1, and using various flows. At a flow of 1 660 cubic meters per second (58 600 cubic feet per 265 

second), the computed flood stage matched the observed high-water elevation of 83.37 meters 266 

(273.53 feet) NGVD 1929. 267 

Revisions of Preliminary 2013 HEC-RAS Hydraulic Analysis 268 

 Dewberry (unpublished, 2013) made the preliminary 2013 HEC-RAS simulation using 269 

the North American Vertical Datum (NAVD) of 1988, so instead of converting the entire HEC-270 

RAS input file to NGVD 1929, the author instead chose to convert the final simulation results 271 

to NGVD 1929. In this preliminary HEC-RAS hydraulic simulation, Dewberry (unpublished, 272 

2013) designated the Conestoga River Viaduct as a bridge rather than five cross sections. No 273 

cross sections were provided at the upstream and downstream faces of the Viaduct, as is 274 

standard practice, and no ineffective flow or floodplain dead zones of storage were specified.  275 

 Figure 7 compares the NGVD 1929 coordinates at the centerline of the Viaduct among 276 

the 1978 and 1989 HEC-2 simulations and the 2013 HEC-RAS simulation. The weir 277 

specifications in both the 1989 HEC-2 simulation and the 2013 HEC-RAS simulation show the 278 



weir (level in Figure 5) at higher elevations and with varying amounts of skew compared with 279 

the 1978 HEC-2 simulation. The weir specifications in the 1989 and 2013 simulations are thus 280 

erroneous. In the 100-year flood (Federal Emergency Management Agency, 1980) the effect of 281 

the erroneous weir specifications on the 1989 HEC-2 flow is only about a one and one half 282 

percent reduction compared with the weir specified in the 1978 simulation. Variations in the 283 

remainder of the cross section, other than East Walnut Street, may have been due to erosion 284 

and deposition in the intervening years. East Walnut Street is depicted by the black line in 285 

Figure 7, including the concrete barrier along the river side of the highway.  286 

 This study did not attempt to estimate the 1972 peak flow during Agnes using the 1989 287 

HEC-2 simulation. To estimate the peak flow during Agnes using the 2013 HEC-RAS 288 

simulation, the author made the following revisions (all elevations adjusted to NAVD 1988): 289 

1. Replaced the central portion of the cross section at River Station 120814, being the 290 

location ofthe U.S. Geological Survey flow gage 01576500, with the original 291 

configuration from cross section 185.000 of the 1978 HEC-2 simulation 292 

2. Copied the revised cross section 120814 at the flow gage to become new cross sections 293 

at the upstream (River Station 120750) and downstream (River Station 120720) faces 294 

of the Viaduct as specified in the HEC-RAS General Modeling Guidelines (U.S. Army 295 

Corps of Engineers-HEC, 2010a), , set the expansion and contraction coefficients to 0.3 296 

and 0.5 respectively (U.S. Army Corps of Engineers-HEC, 2010a and U.S. Army Corps 297 

of Engineers-HEC, 2010b), and added ineffective flow (U.S. Army Corps of Engineers-298 

HEC, 2010a and U.S. Army Corps of Engineers-HEC, 2010b). The addition of 299 

ineffective flow only increased the computed water surface by 0.01 meters (0.03 feet), 300 

so the omission in the 2013 simulation had minimal effect. 301 

3. Replaced the central portion of the 2013 HEC-RAS cross section at River Station 302 

120667, 16 meters (53 feet) downstream of the Viaduct with the revised cross section 303 



from River Station 120814 because there was no equivalent cross section in the 1978 304 

HEC-2 simulation. The central portions of the four cross sections from River Station 305 

120814 to 120667 were identical.  306 

4. Corrected both internal bridge sections to accurately simulate the interior of the 307 

Viaduct, including the weir and river bed, based on the 1978 HEC-2 cross sections. This 308 

included increasing the Manning coefficient under Arches 1 and 2 from 0.035 to 0.04, 309 

but leaving the Manning coefficients of 0.02 to 0.03 for the remaining arches as 310 

Dewberry entered them. 311 

5. Although there was no effect on the water surface elevation at gage 01576500, the 312 

Author corrected an error in one of the HEC-RAS "Bridge Modeling Approach", "Low 313 

Flow Method" used by Dewberry. "Low Flow" is defined as flow that does not reach 314 

the lower chord of a bridge (U.S. Army Corps of Engineers-HEC, 2010a). Dewberry 315 

set their simulation to use the highest energy answer among the "Energy (Standard 316 

Step)" and the "Momentum" low flow methods. Dewberry initially set the pier drag for 317 

the "Momentum" method using a coefficient of 2.0 for square nosed piers. Figure 5 318 

shows one triangular pier nose, with field observation revealing a mix of triangular and 319 

round noses. Based on suggested values in U.S. Army Corps of Engineers-HEC, 2010a, 320 

the author chose a coefficient of 1.39 for triangular nose with 60 degree angle. After 321 

correcting the pier drag coefficient and running the simulation, there was no change in 322 

the water surface elevation at the gage. This indicated that the "Energy (Standard Step)" 323 

method had produced the highest energy answer, and the results from the "Momentum" 324 

method were irrelevant. 325 

6. Although the preliminary 2013 HEC-RAS simulation extended to the Susquehanna 326 

River, this study truncated the simulation 975 meters (3 200 feet) downstream of the 327 

Viaduct at cross section 117559 to match the downstream limits of the 1978 HEC-2 328 



simulation. 329 

7. This study set a downstream boundary condition at cross section 117559 using a known 330 

water surface elevation of 82.53 meters (270.78 feet) NAVD of 1988 which equates to 331 

the 82.78 meter (271.60 foot) tailwater elevation based on the NGVD of 1929. 332 

After making these revisions, this study interpolated the flow from HEC-RAS at the observed 333 

high-water elevation for Agnes adjusted to NAVD 1988 (an elevation of 83.12 meters or 272.71 334 

feet). A flow of 1 660 cubic meters per second (58 700 cubic feet per second) matched the high 335 

water mark. 336 

Conclusions  337 

The estimated flow for Tropical Storm Agnes, determined in 1990, was 1 420 cubic meters per 338 

second (50 300 cubic feet per second) at the U.S. Geological Survey flow gage 01576500. 339 

A power curve extrapolation of the largest 20 pre-1990 annual peak flows for water years 340 

beginning with 1933 and ending with 1989 (not inclusive) indicated the 1972 peak flow for 341 

Agnes was 1 670 cubic meters per second (58 900 cubic feet per second). 342 

Using HEC-RAS, this study replicated the results of the 1978 HEC-2 simulation at gage 343 

01576500. After correcting errors in the 1978 simulation, the estimated flow at the gage was 1 344 

660 cubic meters per second (58 600 cubic feet per second). The Viaduct was simulated in 345 

1978 using five cross sections. 346 

This study also included the preliminary 2013 HEC-RAS simulation currently under 347 

preparation for Federal Emergency Management Agency (as of 2015). The preliminary HEC-348 

RAS simulation specified the Viaduct as a standard HEC-RAS bridge using the post-1990 cross 349 

section. In order to use this simulation to estimate the 1972 peak flow for Agnes, the author 350 

replaced the 2013 Viaduct cross sections with the pre-1990 stations and elevations, added 351 

bounding cross sections at the upstream and downstream faces of the Viaduct, added ineffective 352 

flow, and corrected the HEC-RAS bridge parameters and internal cross sections. After these 353 



revisions, the estimated flow at the gage was 1 660 cubic meters per second (58 700 cubic feet 354 

per second).  355 

Averaging the flows determined by the 1978 HEC-2 simulation run in HEC-RAS and the 2013 356 

HEC-RAS simulation produced a flow of 1 660 cubic meters per second (58 600 cubic feet per 357 

second) for the flood of record, an increase of over 16 percent above the U. S. Geological 358 

Survey estimated flow. 359 

Pending peer review of this paper, the author intends to pursue the U.S. Geological Survey 360 

Quality Assurance process for gage 01576500. 361 
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Cross HEC-2 Original Revised Description

section section Contraction Expansion Contraction Expansion distances are relative to the Viaduct

1 183.000 0.4 0.6 946 meters (3105 feet) downstream

2 184.000 0.4 0.6 428 meters (1405 feet) downstream

3 184.010 0.5 0.7 139 meters (455 feet) downstream

4 184.200 0.6 0.8 0.3 0.5 Downstream side of Viaduct

5 184.210 0.6 0.8 0.0 0.0 Inside Viaduct arches downstream

6 184.220 0.3 0.5 0.1 0.3 Inside Viaduct arches at weir

7 185.300 0.3 0.5 0.0 0.0 Inside Viaduct arches upstream

8 185.310 0.6 0.8 0.3 0.5 Upstream side of Viaduct

9 185.000 0.6 0.8 Gage 01576500 18 meters (60 feet) upstream

10 186.000 0.5 0.7 195 meters (640 feet) upstream

Table 1. Original 1978 Dimensionless Contraction and Expansion Coefficients for HEC-2 Simulation of Backwater Profiles 

Near the Conestoga River Stone Viaduct, Lancaster, Pennsylvania
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Figure 1. Hatched area shows the Conestoga River basin upstream of U.S. Geological Survey 

stream gage 01576500. Map modified from the United States Federal Emergency Management 

Agency Risk Mapping, Assessment, and Planning (Risk MAP) watershed project for the Lower 

Susquehanna River (https://www.rampp-

team.com/documents/pennsylvania/watershed/LowerSusquehanna/lower_susquehanna_watershed_map.pd

f. HUC is Hydrologic Unit Code.

Figure 2. Conestoga River Viaduct for rail traffic looking downstream, 1999. Library of Congress 

reproduction HAER PA,36-LANC,10—1, 

http://www.loc.gov/pictures/item/pa3740.photos.362044p/. 

Figure 3. Stage-discharge relationships for U.S. Geological Survey stream gage 01576500, 

Lancaster, Pennsylvania. Gage benchmark is 74.87 meters (245.63 feet) National Geodetic Vertical 

Datum of 1929. Annual peak flows for 1929, 1930, and 1931 are outliers and are shown in gray. 

The annual peak flow record for 1932 did not include a water surface elevation and was omitted.

Figure 4. Stage (S)-discharge (Q) relationships for U.S. Geological Survey stream gage 01576500 

Lancaster, Pennsylvania. Gage benchmark is 74.87 meters (245.63 feet) National Geodetic Vertical 

Datum of 1929.

Figure 5. Arch 4 of the Conestoga River Viaduct. 1972 High Water Elevation = 83.372 meters 

(273.53 feet) NGVD 1929. 2011 High Water Elevation = 81.360 meters (266.93) NGVD 1929. 

Elevations shown were recorded at gage 01576500 located 18 meters (60 feet) upstream. Each 

block is approximately 0.5 meters (1.5 feet) high.

Figure 6. Approximation of the Conestoga River cross sections 5 and 7 from Roy F. Weston, Inc. 

(1978).

Figure 7. Approximations of Conestoga River cross section 6. Weir (solid gray line) from Roy F. 

Weston, Inc. (1978) is located at elevation 75.13 meters (246.5 feet) NGVD of 1929.
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