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Geotechnical Effects of Hurricane Florence

1. Introduction / Executive Summary

1.1 Introduction and Purpose

The Geotechnical Extreme Events Reconnaissance Association (GiepRyeda team of
engineers from academigovernmentand practicing firms t@outheastern North Carolina and
northeastern South Carolina betweaptenber 24 and 28018 following HurricaneFlorence

The purpose of the GEERorence teamvast o fic ol | e c t-dispsterdata thaddah b p o
useful in advancing our understanding of extreme egkmisd specifically the effects of the
extreme evets on the geotechnicedaturesf infrastructureGE ER 0 s e f maderpbssiblewe r e
because of support from the National Science Foundalibis report preseni summary of the
observations and dateom the GEERdeployment

1.2 Reconnaissance Areas Covered, Time Frame of Observations,
Organization of Report

The GEER Florence teams deployed about one week after the hurricane left the@a@BER
Florencegroup split into two initial teams, a west and an east team, to cover more area and to
takead ant age of the direction from WésiTeam each
met in Charlotte and travelled to the eakdrting on September 24, 2018. TressHeam met in
Raleigh and travelletb sitessouth and eastf Raleigh starting on September 25, 20i& two
teamsrendezvousedh Fayetteville and travelled as one group on September 26, PO&8.

group divided agaion September 27 and &8o three groups of two to four membéoscover

widely scattered sites

Fig. 12-1 shows the various sites visited by the GEER Florence tddrageographic
distributionof sites provides some insight into the storm impacts. Specifically, impacts were
found along the coast, along waterways, and in a cluster @asihen edge of thd?iedmont
physiographic province mth and south of the NC/SC bord&his cluster may have been due to
elevation effects orainfall, the slow movement of the storenhigher density of historical dam
development in the hillier terrainy increased runoff due to lowgpermeability soilsWe also
should note that damages were very widespagaidthat the sites were selected based on early
reconnaissandeformation graciously provideby state dam safety and transportation agencies
andon newsreports. As suglour samplingvas not comprehensiver completely representative

We have organized this report to describe observations and background about the storm (Chapter
2), the resulting hydrology (Chapter 3), dams (Chapter 4), levees (ChgptanSportation
(Chapter 6), coastal/waterfront (Chapter 7), and other observations (Chapter 8).

1 GEER Goals from websitéttp://geerassociation.org/abegger/goals

GEER Association 1
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Fig. 1.2171 Observation Areas by GEER HurricaneFlorence Team

% % %= Observedlamand levessites,

Red = breached damasd levees

Blue = overtopped, not breached

Brown = not overtopped or breached (other observations)
V¥ ¥ v = Observed transportation sites,

Red = Bridges

Blue = Roadways

Brown = Railroads
o = Coastal observation sites

1.3 Observation Summary

For four days, between Thursday and Sunday, Septemidés, 2018, Hurricane Florence made

a slow progression from offshore across the eastern part of North and South Carolina

(Fig.1.31) . Like 201706s Hurricane Harvey in Texa
amounts of rain on the Carolinas and caused major floods in the riverways along its track.

Rainfall totals of up to 34 inches were measured during the s8mwvere floodingpccured

GEER Association 2
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along tributaries and the rivers of the majosinage basingf the Neuse, Cape Fear, Northeast

Cape Fear, Lumber, Little Pee Dee, and Pee Dee Rivers.

|

[ '

Hurricane Florence
Thursday September 13, 2018
5 AM EDT Advisory 56

NWS National Hurricane Center

Current information: ®
Center location 32.8 N 74.7 W

Maximum sustained wind 110 mph

Movement NW at 15 mph

# Note: The cone contains the probable path of the storm center but does not show

Forecast positions:

@ Tropical Cyclone () Post/Potential TC
Sustained winds: D <39 mph

$39-73 mph H74-110 mph M= 110 mph

Potential track area:
O\ pay 13 Day 4-5

Watches:

Hurricane

Trop Storm

Warnings:
Il Hurricane [l Trop Storm

Fig. 1.3171 Hurricane Florence path (https://www.nhc.noaa.goy

Of the dams that we visited, flood flows overtopped and bredhstluctures, 4 of which

were breached by the overtopping. Fortunately, most of these dams were low or significant
hazard such as Maxwell Mill Pond Dam (Fig.-2)3 However, one dam, Boiling Sprihgke

Dam, south of Wilmington, NCwas classified as high hazard and teslargesbvertopped
dam(30-ft-high, 1584ft-long) that we observed (Fig. 23. Four other smaller dams abutting
Boiling Spring Lake area also failed (see cluster on Figll.Zhe one leveg@rotected area that

we visited, in Lumberton, NC, floodetlie to the inadequate closure of a rail and road underpass
through the 495 embankment that formed the northwestern flood barrier for the city.

GEER Association
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o

Fig. 1.3217 Maxwell Mill Pond Dam reah, Duplin onty, NC (September25, 2018,
35.0706 N 77.7880 W)

unty, NC (September 26, 2018,

Fig. 1.337 Boiling Springs Dam breach Bunswick Co
34.046 N, 78.0373W)

The storm affected all types of land transportation infrastru¢tuwad and railroad bridges,

culverts, an&embankmentd/Ne saw many instances of significant scatound bridge supports

(Fig. 1.34), and numerous failures of small bridgesl road embankmerdewnstream of

breached dams (Fig. 15). Log/debris collections upstream of some bridges at two sites were
large bu did not appear to have overloaded piers. We saw numerous sites where scour, runoff, or
overtopping eroded embankmentscaused slope failurg¢gig. 1.36). The most significant
transportatiorfailures were (1) the U.S. Route 421 washout where the GageRiver breached
theisthmus between it and the Northeast Cape Fear River (Fig) &i3d (2) the washout of the
embankment and associated railroad derailmeAnhson CountyFig. 1.38).

GEER Association 4
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Fig. 1.341 Bridge pier scour, Business 9Bridge, Cross Creek, Fayetteville, NC
(September 26, 2018, 35.0550K, 78.8623° W)

%

Fig. 1.357 Road emankmet washout dov;nstream of Maxwell Mill Pond DaerupIin;
County, NC (September25, 2018, 35.0701 N 77.7876 W)

-.,~‘-‘ !‘

Fig. 6 i 'Rail line ebankment washout andepair, Laurinburg, NC (September 27, J
2018, 34.7936 N, 79.4619 W)

GEER Association 5
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Fg. 1.3771 US 421highway washout between the ae Fear River from west (left) tofﬁé
Northeast Cape Fear River on the east (right), looking northwest across washout
(September 26, 201,834.3307 N, 77.9997 W)

44
Fig. 1.3-817 CSX Train Derailment aftermath, Anson County, NC(WSOC-TV, September
17,201834.958B N, 79.9446 W)

One site of geotechnical interest that did not fit into our categories was the Cape Fear river bank
in Elizabethtown. We observed several long (~8)8@hort (~2ft) scarps in the area around a
cemetery at this location indicating movement of a large part of the river bank (F&). We

did not have enough information to assign a likely cause, buttigas's could consider

elevated seepage pressures and rdmdvdowninduced shear stresses.

GEER Association 6
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w,

Fig 1.397 Slope movement, Elizabethtown, NC (September 26, 2018, 34.6297 N,
78.60211W)

We alsomake visits to the hardit coastacommunities of New Bern, Surf City, Emerald Isle,
and Wilmington. The storm surge affected all of these areasaarsdd severe damage to homes
and business in those communiti€ae storm surge in New Bern was notably hagklightly

more than 10t (Fig. 1.3-10) and was probably amplified by the converging mouth of the Neuse
River.

Fig. 1.3107 Evidence of storm surge, New Bern, NC (September 25, 2018, 35.1082 N,
77.0353 W)

Overall, the infrastructure damage from hurricane Florence was sign#éicdntvhile

widespread, was clustered near waterwAgswe have seen at other disaster siesidents and
businesses in areas of river flooding and storm surges suffered dramatic property losses (Fig. 1.3
11), especially in lowlying areas of LumbertofNew Bern, and Kinston. However, we hope and

GEER Association 7
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expect that the lack @freawide devastationsuch aghat in New Orleans following Katrinawvill
allow the area to recover quickly.

Fig. 1.31171 Debris from residential cleanup, New Bern, NC 35.1091 N, 70355 W)

GEER Association 8
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2. Hurricane Florence

Hurricane Florence was a powerful and ldivgd hurricane, which hit the United States in
September of 2018. It originated on August 30, 2018 in the Atlantic Ocean near Africa and
moved towards the United States asdix¢h named storm, third hurricane, and the first major
hurricane of the 2018 Atlantic hurricane season. The strength of the hurricane varied from its
August 3¢ origin until it hit the North Carolina coast on September 14, 2018. It was
downgraded to Cagory 1 on the Saffisimpson wind scale when it made landfall near
Wrightsville Beach early on Friday, September 14, 2018 at around 7:15 am ET. The recorded
path segments of the hurricane from its origin and near the cost of Carolinas are shown in
Fig. 2-1.

.(’

- e cone co e probable path of the sto but does not sho SR ‘“‘*«. The cone contains the probable path of the storm center but does not show e
/) o 0 ous conditio occur outside 0 % | ! :
> ol |\t r 'va-

=
1
75W 8
Potential Tropical Cyclone Six Current information: ® Forecast positions: Hurricane Florence Current information: ® Forecast positions:
Thursday August 30, 2018 Center location 12.9 N 18.4 W @ Tropical Cycione O PostPotential TC Thursday September 13, 2018 Center location 32.8 N 74.7 W @Tropical Cyclone  © Post/Potential TC
11 AM AST Advisory 1 Maximum sustained wind 30 mph Sustained winds: D <39 mph 5 AMEDT Advisory 56 Maximum sustained wind 110 mph  Sustained winds: D <39 mph
NWS National Hurricane Center Movement W at 12 mph $39-73 mph H74-110 mph M> 110 mph NWS National Hurricane Center Movement NW at 15 mph $39-73 mph H74-110 mph M> 110 mph
Potential track area: Watches: Warnings: Potential track area: Watches: Warnings:
Day 13 Day 45 Hurricane Trop Storm N Huricane [ Trop Storm . payi3 Day 4-5 Hurricane  Trop Storm Hurricane I Trop Storm

Figure 2-1 - Hurricane Florence path (https://www.nhc.noaa.goy

The Hurricane Florence produced a huge amount of rainfall that resulted in massive flooding in
many parts of the Carolinas. This is a typmmaicome of a slownoving hurricane like Florence
(Florence moved approximately 3 mph after made landfall). A total rainfall mfcBésrainfall

was reported in Swansboro, while the National Weather Service office in Newport recorded 25.2
inches The conta map of the recorded rainfall in the Carolinas is shown in Figizre 2

The hurricane produced maximum sustained wind gust®®imph near Cape Lookout and 105

mph at Fort MacorThe combined effects of wind, flood and other factors resulted in ex¢ensi
damage to buildings, roads, bridges, dams and other infrastructure and more than 50 fatalities in
the Carolinas. The damage total is expected to be between $17 to $22 billons according to
Moodyds Analytics.

GEER Association 9
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. Rainfall Analysis 0" - 50"
* 1. 0.00"

M 0.01" - 0.09"

M 0.10" - 0.24"

W 0.25" - 0.49"
0.50" - 0.99"
1.00" - 1.49"

. 1.50" - 1.99"

. 2.00" - 2.99"

S 3.00" - 3.99"
4.00" - 5.99"
6.00" - 7.99"
8.00" - 9.99"
10.00" - 14.99"
15.00" - 19.99"

r.gov

The largest storm surges reported on Friday, September 14, 2018, were in New Bern and
Emerald Isle, North Carolina, where the water levels reached up to 10.1 feet azet @lfolve

ground, respectively, according to the National Hurricane Center. Live storm surge data recorded
at several other locations can be founttgt://surge.srcc.lsu.edu/florence_2018.html

References
National Weather Servicattps://www.weather.gov/wrn/florence

Scism Leslie and AilworthErin( 2018) . A Moodyds Pegs Florence
$38 Bill i on ThedValbSbrdet JBurnhSepteminer 231.
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3. Flooding / Hydrology

3.1 Precipitation

The NationaMeather Service published several preliminary rainfall totals from Hurricane
Florence for the period of September 13 to 18, 2018. In particular, Fi.shdws that
Wilmington and Morehead City received over 30 inches in rainfall. Th&o2B0inch ranfall
contour zone extends from the coast to Lumberton, Fayetteville, and New Bern, NC. These
rainfall totals greatly exceed to the normal September precipitation for the North Carolina
coastline of less than 5 inches for Fayetteville and 10 inches forivgion (Fig. 3.12). Fig.

3.1-1 also shows the rainfall for South Carolina, where rainfalls in some instances reached the 20
to 30 inches contour along the border with North Carolina. This led to flooding near Florence,
SC, which was observed by the GEEam as it traveled form Myrtle Beach north to visit areas
of overtopped dams. Fig. 3Bshows preliminary statistical analyses performed by the National
Weather Service. It indicates that the region bounded by Lumberton, Fayetteville, New Bern,
and WiImington, NC experienced rainfall totals that surpass the 1000 year event (i.e., 0.1%
likelihood to occur each year). The overwhelming volume of precipitation ultimately led to
severe flooding within interior drainage basins of the major area ggteras of the Neuse,

Cape Fear, Northeast Cape Fear, Lumber, Little Pee Dee, and Pee Dee Rivers.

Up to 0.1 inch
0.1to0 0.25 inches
0.25 to 0.5 inches
B 0.5 to 1.0 inches
N 10 to 1.5 inches
1.5to 2.0 inches
2.0 to 3.0 inches

00d] Z . 3 ete ¥
{Corbin = ville B
< . el
; idd ro TiSto
- oun i , .
3.0 to 4.0 inches Eli

W 4.0to 6.0 inches N oone ‘

W 6.0 to 8.0 inches cnoxvi > L

W 5.0 to 10.0 inches T N R exington Ra|e|gh Williams to
1 icko
'sheville,

B 10.0 to 15.0 inches
B 150 to 20.0 inches
. 20.0 to 30.0 inches

30.0 to 50.0 inches

eeeeeee

Observed Rainfall
Last 5 Days
Ending
2 pm Tuesday 9/18

Fig. 3.1-1 - Cumulativé rainfall from Hurricane Florence for North Carolina and South
Carolina (https://twitter.com/NWSEastern/status/1042116250611138562)
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Fig. 3.1-2 - Average rainfall for North Carolina and South Carolina coastal plains (courtesy
of NOAA National Weather Service, www.weather.gov)

]

e S,
e —
e

ST K ©>1/10

‘ ©1/50 - 1/10
©1/100-1/50 -
©1/200 - 1/100
@ 1/500 - 1/200
@ 1/1000 - 1/500
® < 1/1000

Fig. 3.1-3 - Hurricane Florence Annual Exceedance Probabilities from September 188,
2018 (http://www.nwsnoaa.gov/oh/hdsc/aep_storm_analysis/index.html)

100

GEER Association 12



Geotechnical Effects of Hurricane Florence

3.2 River Floods and Hydrographs

The river basins impacted by Hurricane Florence are identified in Fid. &1 include, from

north to south: Neuse (teal balloons), Cape Fear (orange squares), Nordpeakear (red
triangles), Lumber (yellow circles), Little Pee Dee (blue circles), and Pee Dee (green arrows).
Figs. 3.22 and 3.23 provide an overview of the river basins for North Carolina and South
Carolina, respectively. The Lumber River basin in N@#rolina flows south into South

Carolina and connects to the Little Pee Dee river, which subsequently flows into the Pee Dee
River in South Carolina. The Pee Dee River originates in the Ydtid#énDee basin in North
Carolina and hence forms the larger Pee basin along the northeast corridor of South
Carolina. The following sections discuss each river basin and the associated hydrographs.

b ALY
'Snmhheld/
/
/ {
'Go(dsb‘c;rbm‘“'

{jake Tillery ( - e . P ; Kinstons

Bonville; NC o
| i\ 2 g A . Y

Dam, NCrayetteville ERavetteville:
& X TR X

Rockingham, NC

Near Cordova,iNC*,
/ (. Aumber/
: M‘ai@n
,'/
Bennettsville. SC 5 .{/ (©) / [y
Foas /o, wkumberton ELock #2:Ehizabethtows
//’ Little
\ / Pe.e Dee 5ardman <
¢ Dillon,:SC: < e e SER
; LocK # 17 Kelly

VLAY B S el

"{L—v‘\'llm O Huske kock' Tarhe
\ % f
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f Buckspoit) S€ -/f"
Y507

Fig. .2—1'|' Major i mpacted river basins from Hurricane Florence (Google Maps for source
map)
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Fig. 3.2-2 - North Carolina river basins (from N.C. Division of Water Resources,
https://files.nc.gov/ncdeq/Water%20Resources/files/publications/Neuse_ RB_WR_Plan_201
00720.pdf)

Lake
- Wylie

-

Lake
Hartwell

Richard %
B. Russell
Lake

J. Strom
Thurmond _
Lake

Savanna
Basin

20 40 60 80 MILES
0 20 40 60 80 KILOMETERS

—— ———

Fig. 3.2-3 - South Carolina river basins (from S.C. Department of Natural Resources,
http:/ /lwww.dnr.sc.gov/water/admin/pubs/pdfs/SCWaterPlan2.pdf)
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3.3 Neuse River, North Carolina

The Neuse River basin is the third largest river basin in North Carolina and covers 6,235 square
miles of drainage area entirely located in the state. The basinesc®,889 freshwater stream
miles, 17,902 acres of freshwater reservoirs and lakes, 143 saltwater miles, and 370,779
estuarine/saltwater acres. The headwaters of the Neuse River are northwest of Durham, where
the Eno and Flat Rivers join at a location nowndated by Falls Lake Reservoir in northern

Wake County. The river then flows in a southeasterly direction from the Piedmont and into the
Coastal Plain regions through Goldsboro and Kinston. Contentnea Creek, a major tributary,
flows into the river belovKinston. The river becomes tidally influenced upstream of New Bern,
before it finally opens into the estuary leading into the Pamlico Sound. The Neuse River flows
approximately 200 miles from its source in Orange and Person counties to its mouth at the
Paniico Sound.

Fig. 3.31 shows the hydrographs for the Neuse River during Hurricane Florence. In

Fig. 3.3-1(a), the New Bern hydrograph pea&slyat approximately 1& due to the coastal

storm surgeNote that hydrograph tables and plots present gdagbthehat use local datums and
are not commowlatum water elevations. The funneling effect of the Neuse River mouth
probably amplified the effects of the whallliven storm surge off of the Pamlico Sound. Moving
away from New Bern, the water levels in tart Barnwell, Kinston, and Goldsboro gages
increased starting on September 14, 2018 due to increased river flow. The rises at these river
gages were similar, with the maximum river level of ~27.5 ft on September 19 at Goldsboro
(farthest inland) followedby Kinston (~25.5 ft, September 21) and Fort Barnwell (~17.5 ft,
September 18). Fort Barnwell gage was the lowest water level, but it maintained this stage for
about a week (September 25), as waters finally drained from the Neuse River basin. The
Smithfidd and Clayton gages in Fig. 318b) show similar peaks around September 17, but the
magnitude of high river stage is limited because these gages are located upriver, closer to
Raleigh, NC (see Fig. 3.:2). The latter fluctuations at these inland gagesdare to post

Florence rain events.
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Fig. 3.31 - Neuse River Hydrographs: (a) Coastal plains gages, and (b) Raleigh area gages
(data obtained from https://stn.wim.usgs.qe/fev/#FlorenceSep2018

As a comparison to the river stages in Fig-B.3able 3.3L summarizes the flood and major

flood stages along with historic and Hurricane Florence crests. All of the gages reached flood
stage and all except for Smithfield a@thyton reached major flood stage. The historic crests
along the Neuse River date back to Hurricane Matthew (2016) or Hurricane Floyd (1999). The
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Kinston and Goldsboro gages from Hurricane Florence were the closest to historic crests, within
2 ft to 2.5ft.

Table 3.31 Summary statistics for Neuse River

Gage FIl oo Maj or Hi storic Hurrica
9 Stag|Fl ood FI orenc
Fort 22. 75 ft,

Bar nw 13 18 1 20. 5 ft, 1 18 ft, 9
. 28. 3 ft, 1 .

Ki nst 14 f 21 f 1 2717, 97 21 2 Bf t 9/ 2

Gol ds 18 f 24 f 28.85 ft. 27.6 ft,
. 29.1 ft, 1

Smith 15 f 20 f 27 .4 ft. 18.9 ft,
22.1 ft, ¢

Clayt 9 ft 16 f 51 6 ft :10.6 ft,

3.4 Cape Fear River, North Carolina

The Cape Fear Basin is the largest basin iNitwth Carolinadraining 9,14%quare miles from
its headwaters in the northern Piedmontdanouth at Cape Fear, south of Wilmingtdrhe
Haw Rive and the Deep River merge at tharder of Lee and Chatham Counties to form the
Cape FeaRiver, which flows southeast across the Coastal Plain paBothef Wilmington to
the Atlantic OceanThe South River anthe Northeast Cape Fear River mergéhwiite Cape
Fear neaWilmington. The New River in Onslow County is alswluded in he Cape Fear
River Major Basin.The Haw River is impounded by the B. Everett Joildam just above the
confluence with the Deep River, providisprage for flood conttpwater supply, and releases
to maintain downstream water qualitiost of the basin below the confluence of the Handl
Deep Rivers lies in the Coastal Plain.

While many rivers drain into the Cape River basin, the Northeast Cape Fear Rotedisere
because the GEER team traveled through this basin during the scouting of Wilmington. Three
gages were found along the Northeast Cape Fear River in Fgj, Biduding the Chinquapin,
Burgaw, and Castle Hayne, before arriving to the Wilmington galgehwnore reflects tidal
fluctuations from the Atlantic Ocean. The Chinquapin gage unfortunately does not provide any
data related to the peak of the flood event, but Tabld Bkkly suggests that Hurricane

Florence is now the historic crest becausephor historic value was ~23.5 ft from Hurricane
Floyd in September 1999. Incomplete flood levels are available for Castle Hayne, but it seems
that the peak flood/as ~12 ft from the fall of the hydrograph. The Burgaw gage peaks at a
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maximum flood leveof ~256 ft onSeptember 12018 which is now the historic crest
(previously ~22.5 ft from Hurricane Floyd) by approximately 3 ft.
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Fig. 3.4-1 - Hydrographs for Northeast Cape Fear River

Table 3.41 - Summary of Northeast Cape Fear River hydrographstatistics

Gage FIl oo Maj or Hi storic Hurrica
9 Stag|Fl ood FI orenc
Chingyd 13ft 16 ft 23.51 1 9/18/1999 N/A
22.48 ft,9/19/1999

Bur ga 10ft 16 ft 17.81 ft 10/13/2016 25.57ft, 9/19/2018

. . 6.7 ft
Wi | minq 55ft 8.171t, 10/08/2016 8.28 ft 9/14/2018

(moderate)

Fig. 3.42 shows the hydrographs for the Cape Fear River system, starting from the north near
Jordan Lake and moving to north Wilmington (Lillington, Fayetteville, W.O. Husk Lock,
Elizabethtown, and Lock #1 near KellyC\ The Wilmington District, U.S. Army Corps of
Engineersverseeshe locks and dams on the Cape Fear River in North Carobnualt between

1915 and 1935, the three locks and dams historically passed commercial traffic up and down the
river. The locks and dams nowarely lock large vessels through but instead help protect water
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intakes for cities and industries along theeritey backing up the watetock and Dam 1 was
originally constructed in 1915 and modified in 1934 to increase the IBtfbio a total ofl1 ft.
The lock is 40t by 200ft. William O. Huske lock and dam was constructed in 1935. The lock
chamber is 4@ by 300ft with a total lift of 9ft. The lower pool is at elevation +23 ft and the
upper pool is maintained at elevatior2#8 Aerial photographs of the lock and dam before
(Fig. 3.43) and during the flooding on September 18, 2018 (Fig4B.4how that the river
totally covered the structure.

The most northerly gage on Cape Fear River, at Lillington, shows that ersés Were ~2 ft

before dramatically increasing on September 15 to ~21.3 ft on September 18. Water levels
decreased to pridurricane Florence by September 23. The historic crest at Lillington is ~33.2 ft
from September 1945, whsitceha dodo rHue srp accrachse tod tlh
Fayetteville gage was at a stage of ~10 ft before Hurricane Florence. On September 15,
Fayetteville started to increase, eventually reaching a major flood stage of 61.6 ft, which was still
~7 ft less than the historic crext68.9 ft from the Homestead Hurricane in 1945. The gage at

the William O. Huske Lock shows a similar hydrograph to Fayetteville but it increases to a larger
flood value because of the elevation of the lock and dam (+32 ft). While a major flood stage was
observed at this lock and dam, it was ~5 ft less than the historic crest of 75.5 ft from September
1945. At Elizabethtown, the Cape Fear River rose to 42.5 ft, which was less than the major flood
stage of 47 ft. Nevertheless, this flood stage still grEs an extreme event because the historic
crest observed during the 1945 Homestead Hurricane was 43.2 ft, i.e., less than one foot from the
historic value. The Lock #1 gage near Kelly, NC, is closer to Wilmington and sea level, and the
peak flood stages slightly delayed from the rest of the gages. The drainage from upstream

rivers and creeks resulted in the maximum flood stage of ~30.7 ft, which is not only above the
major flood stage but also the new historic crest (previously 29.8 ft from 1945).
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Fig. 3.4-2 - Hydrographs for Cape Fear River
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Table 3.42 - Summary of Cape Fear River hydrograph statistics

Gaga| ol 09 _Waloq Hi storic Hurrica
Stag|Flood FI orenc

Lillil| 14ft 271t 33.10 f1,9/19/1945 | 21.27 ft 9/18/2018
Fayet( 35f 58 ft 68.90 ft 9/21/1945 | 61.58 ft 9/19/2018
T;i‘;e 42 ft 65 ft 75.50 ft 9/22/1945 | 70.73 ft 9/20/2018
Flizabeth | o5 f 47 ft 43.20 1 9/23/1945 | 42.51 ft 9/21/2018
ook 71 24 ft 28 ft 20.80 ft 9/23/1945 | 30.68 f 9/21/2018

Google Earth

Fig.3.431 Aer i al photograph of the Wi lliam O6HusKk
Hurricane Florence (Google Earth, March 3, 2018, 34.835 N, 78.823 W)
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Fig.3.441 Aer i al photograph of the Wi lliam O6Husk
Hurricane Florence flooding (Google Earth, September 18, 2018, 34.835 N, 78.823 W)

3.5 Lumber River, North Carolina

The Lumber River basin encompasses an area of 3,343 square miles and flows, from upstream to
downstream, through Lumberton, Laurinburgu®ern Pines, Pinehurst and Whiteville. There

are four different watersheds in the Lumber River basin, i.e., Lumber River, Waccamaw River,
headwaters of the Little Pee Dee, and the coastal watershed of the Shalotte/Lockwoods Folly
rivers. The Lumber Rivebegins at the headwaters known as Drowning Creek (Moore and
Montgomery Counties) and flows through Lumberton, a higl@yeloped urban area. The river
crosses the South Carolina border near Fair Bluff. Just past the border, the Lumber River joins
the Little Pee Dee River, which flows to the Pee Dee River and drains to Winyah Bay.

Fig. 3.51 shows the hydrographs for Maxton, Lumberton, and Boardman, along with Nichols,

SC. The gage at Maxton, NC starts at 7 ft before Hurricane Florence and graduedigando a

peak flood level of 17.75 ft on September 19. The Lumberton gage is also at 7 ft before Florence
but dramatically increases to 22.2 ft in Fig.-3.5The discrepancy between the peak stage found

in Fig. 3.51 and the one reported in Table-3.%s attributed to another nearby gage just

upstream of Lumberton that reports 29 ft. This peak stage is the new historic crest compared to
the previous record of 28 ft measured during Hurricane Matthew in October 2016. The
Boardman gage peak almost de&es the historic crest (i.e., 14.43 ft in October 2016 and
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14.36ft on September 18, 2018 (Hurricane Florence). As the Lumber River flows into the Little
Pee Dee near Nichols, SC, significant high gage levels of 27.4 ft on September 20 were also
observe.

30

—NMaxton, NC
Lumberton, NC

——Boardman, NC

——Nichols, SC
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Fig. 3.51 - Hydrographs for Lumber River

Table 3.51 - Summary of Cape Fear River hydrograph statistics

Gaage FIl oo Maj or Hi storic Hurrica
9 Stag|Fl ood FI orenc
M ﬁl )c(: tol  na N/A 15.49 ft 10/11/2016 | 17.74 ,9/19/2018
Lumbenr 13 ft 17 ft 28, 109/2016 29ft, 9/17/2018
NC (nearby gage)
Boal\rl%ma”’ N/A N/A 14.43 ft 10/11/2016 | 14.36 ft 9/18/2018
Nichols,
<C N/A N/A N/A 27.4 ft, 9/20/2018
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3.6 Pee Dee River, South Carolina

The Pee Dee Basin incorporates 45 watersheds and some 5.5 million acres within the State of
South Carolina (a portion of the basin resides in North Carolinegé.Pee Dee Basin

encompassebe Lynches River Basin, the Black River Basin, the Waccamaw Ba&n, the

Great Pee Dee River Basin, and Bee Dee Coastal Frontage Basifhe Pee Dee River Basin
extends across the Piedmont, Sandhills, Upper Coastal Plain, Lower Coastal Plain, and Coastal
Zone regions.There are a total of 9,495 stream mileg0B4 acres of lake waters, and 44,870
acres of estuarine areas in the basin.

Fig. 3.61 shows the hydrographs obtained for Waccamaw River, which primarily flows to the
coast, from North Carolina to South Carolina. In particular, the Wacaamaw Rivehimagsh
Conway, SC, which experienced severe floods, especially along Highway Route 501 where
Hesco baskets were stacked to two levels along the highway. The severity of flooding that
culminates in Conway is summarized in Table B.@vhich indicates thahe Waccamaw River
floods levels exceeded all historic crests by 3 ft to 4 ft. In general, the maximum flood levels
were observed during the last week of September (9/24 to 9/27), which corresponds to
observations from the GEER South team that visitedyémeral area.

Fig. 3.62 and Table 32 summarize the relevant hydrographs for the Little Pee Dee River.

Limited flood stage data is available along the Little Pee Dee, but new historic crests were
observed at Galivants Ferry and Bucksport gages.Wést Conway gage was a rapid

deployment sensor by USGS (9/9/2018) so no flood stage information beyond the measured data
is available.

Fig. 3.63 and Table 38 summarize the relevant hydrographs for the Pee Dee River. The Pee
Dee River along with theittle Pee Dee Rivewere importanimpact areasvhere our teams
observedh number of damsearthe North and South Carolinas border. In particular,

Bennettsville observed a historic crest of 93.3 ft on September 18, which is 3.3 ft higher than the
last hstoric crest of 90 ft on April 2003lt is unclear what event led to the last historic crest.
Because of theower levels of reportedamagdor other areag South Carolina, the focus of

GEER in South Carolina waearthe North Carolina border ancskealong the central and

southern portions of the Pee Dee River basin.
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Fig. 3.6-1 - Hydrographs for Waccamaw River

Table 3.61 - Summary of Waccamaw River hydrograph statistics

10/7

10/17

Gadge FIl oo Maj or Hi storic Hurrica
9 Stag|Fl ood FI orenc
Freel
NG N/A N/A 19.30 ft 9/21/1999 22.47 ft,9/20/2018
Longs N/A N/A 17.94 ft 9/22/1999 20.22 ft,9/21/2018
Above N/A N/A 15.77 ft 10/16/2016 | 19.82 ft, 924/2018
Conway
Cog‘gay’ 11 ft 14 ft 17.87 £ 10/18/2016 | 21.16 ft 9/26/2018
Buc'gsépo”' N/A N/A 23.67 ft 10/18/2016 | 26.67 ft 9/27/2018
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Fig. 3.6-2 - Hydrographs for Little Pee Dee River

Table 3.62 - Summary of Little Pee Dee River hydrograph statistics

Gadge FIl oo Maj or Hi storic Hurrica

9 Stag|Fl ood FIl orenc
Dilld NA N/A N/A 93.4 ft, 9/18/2018
Nichols N/A N/A N/A 54.55 ft, 9/20/2018
Gi';‘;?;ts 9 ft 12 ft 17.10 ft, D/12/2016 | 17.21 ft,9/21/2018
West N/A N/A N/A 21.16 ft 9/26/2018

Conway
Bucksport N/A N/A 22.60 ft 10/16/2016 | 25.00 ft,9/26/2018
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Fig. 3.6-3 - Hydrographs for Pee Dee River

Table 3.63 - Summary of Little Pee Dee River hydrograph statistics

Gage FIl oo Maj or Hi storic Hurrica
9 Stag|Fl ood FIl orenc
Ro KI E LN B N77N N/A N/A 23.7 ft, 9/20/2018
Bennsegs"'”e’ N/A N/A 80.94 ft 4/12/2003 | 93.31 ft 9/18/2018
Near N/A N/A N/A 60.85 ft, 9/20/2018
Florence, SC

Pee Dee, SC| 19 ft 28 ft 33.30 ft,9/22/1945 | 31.83 ft,9/21/2018
Bucg‘:‘:po”’ N/A N/A 22.60 ft 10/16/2016 | 25.00 ft, 9/26/2018
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4. Dams

4.1 Overview

The GEER Florence teams visiteder 23 dams within the area affected by Florence. Figl4.1
shows the location of the dams thateeserved, keyed to a listing of the dams in Table 4.1. We
have divided our observations by the effects of the high water into three gito@ashed dams

(14 dams, Section 4.2), overtopped but unbreached dams (3 dams, Section 4.3), and other dam
relatedincidents and observation8 dams, Section 4.4).
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Fig. 4.1-117 Dam sites visited by GEER Florence team (number key tabulation below,
Google Maps)

Breached Damged numbers)
1. Boiling Springs Lake Dam, Boiling Spring Lakes, NC
2. Pine Lake Dam, Boiling Springakes, NC
3. North Lake Dam, Boiling Springakes, NC
4. Middle Dam, Boiling Spring-akes, NC
5. Upper Dam, Boiling Springtakes, NC
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6. Maxwell Mill Pond, Duplin County, NC

7. Gum Swamp Lake Dam, Cognac, NC

8. Cypress Creek Golf Link Pond Dam, East Laurinburg, NC

9. McMeekin Pond Dam, Wallace, SC

10.McLaurins Millpond DamBennettsville, SC

l1.Davidés Mill pond Dam, Bennettsville, SC
12. Covington Millpond Dam, Bennettsville, SC

13.Lake Darpo Dam, Society Hill, SC

14.Hedrick Tailings Dike #1, Lilesville, NC

Overtopped but Unbreached Dathiie numbers)
1. Williams Mill Pond Dam, Wayne Coty, NC
2. Fair Lake Dam, Laurinburg, NC
3. Bullards Mill Pond Dam, Marlboro County, SC

Other DamRelated IncidentandObservationgdark brown numbers)
1. Landis Dam & Lake Corriher Dam, Rowan County, NC

Yadkin Narrows Dam, Baden, NC

Zoar Road, McFarlen, NC

Richmond Mill Pond Dam, Laurel Hill, NC

Bryan Lake Dam, Johnston County, NC

Clay Thomas Road Dam, Person County, NC

o0k wn

4.2 Breached Dams

Of the fourteen breached dams that we visited, eight were clustered near8t biEder, near
Laurinburg, NC. Thisirea is on the eastern side of the Piedmont, the middle of three
physiographigrovincesin NC and SC. The Coastal Plainygiographigrovinceto the east is
generally flat and less than 600 feet in elevation. Circumstances that may have factohed into t
cluster of dam failures could include intensity of rainfall due to elevation effects, a higher density
of historical dam development in the hillier terrain, and increased runoff due te lower
permeability soils. All of the eight dams in this clusterenamall and low or significant hazard,
dam categories for which state regulations allow less stringent spillway design floods (SDFs). A
typical dam breach in this area is shown in Fig-4.2
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Fig. 42-1 - McMeekin Pond Dam Wallace, SG looking from downstream corner of the
breach upstream (September 25, 2018, 34.73Y, 79.799W)

4.2.1 Boiling Springs Lake Dam / Sanford Dam, Boiling Spring Lakes, Brunswick
County, NC

The largest and most significant of the dam breaches was that ofiing Bprings Lake Dam,

also known as Sanford Dam, located about 16 miles south of Wilmington, NC (Figl42)1

Boiling Springs Lake Darwas a 306ft-high, 1584ft-long earthfill dam completed in 1964l he

dam provided a recreational reservoir te thsidential development around its shores, which is

the central lake in a cluster of lakes formed by four other dams. These dams also failed and are
discussed in subsequent sections. Based on observations of the breach, the dam appeared to be
homogerous sand fill embankment. A local road traversed the crest of theTdananly
outletstructurenoted by the team wasgated concrete structure close to the right abutnvget.

saw no spillway or emergency spillway.

The NC Department of Environment&luality (DEQ) classified Boiling Springs Lake Dam as a

ClassChighazard risk dam Awhere failure wild!@ [
homes, industrial and commercial buildings, important public utilities, primary highways, or
majorraillbm ads . O The pr esenc dilitaf Ocean Teanindl Sunry Raine c t i«
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fione of the largest military terminals in the waddvas the most apparent reason for the high
hazard classification because the rail line crosses the channel abdeetl8ownstream of
Boiling Springs Dam.

The breach of the dam occurred near thelength point of the dam and was about 200 ft wide
(Fig. 4.2.13). We savevidence of overtoppinigp the form oferosionalongdownstream face at
multiple locationsWe also observed sand depositsthe downstream slope anetoBecause

there were no indicatiaof piping on the upstream face, and no sinkholes, voids or settlements
we expect that the sand was breach erosion material left by backwater\Wensere téd by a
resident that on Saturdageptember 15, 2018round 11:1%.m., thedam started to overtop and
thatit failed around 11:3@.m.

We observed five areas of interest around the idéh) the ~206ft-wide breach section, (2) the
right side of the da where overtopping eroded part of the downstream slope around the outlet
works without breaching the dam, (3) an eroded section of the downstream slope on the
embankment to the left of the breach, (4) the left abutment contact where local responders
attenpted to create an emergency spillway to divert and reduce overtopping flows, and (5) the
apparent robust response of the downstream rail structures to the high flows.

The breach bisected the embankment, washing out the entire height of the structiugpldgyv

the crest road guard rail to dangle over the breach (Figs:41.51-6,-7). Because of the

obvious evidence of overtopping along the entire dam, it is most likely that the breach resulted
from simple surface erosion. Given the high permgglof the embankment sands, seepage
forces could have also contributed to instability of the downstream slope.

The occurrence of overtopping on each side of the breach was evident because of the severe
erosion on the downstream slopes. The paved agdtprovided an erosion retardant at the
locations of severe erosion on the embankment to the right (Fig-84-B)land left (Fig4.2.1-

10) of the breach.

At the left abutment, we observed that the crest road had been excavated and that small berms
had been constructed on either side of the excavated road in a failed attempt by municipal
workers to save the dam by constructing an emergency spillway that would divert the
overtopping flows (Fig. 4.2:11).

The heavy rainfall and the high flows from tti@m breach eroded a significant amount of the
abutments around the downstream railroad (Fig. 4.2,1.3). The designers of the railroad,
perhaps with the benefit of Defense Department funding, appear to have anticipated such flows
by supporting the rabad on large beams spanning support piers that extended a significant
depth into the abutments.

2Wi ki p #iitaryaQcean Terminal Sunny Pointo
https://en.wikipedia.org/wiki/Military_Ocean_Terminal_Sunny_Point
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Fig. 42.1-21 Aerial image of Boiling Spring Lakes complex October 2016 (Google Earth)
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Fig. 42.1-371 Postfailure aerial photograph (Google Earth Septemberl19, 2018, 34.046N,
78.037W)

; R R b an TR L g
ght side of dam,and outlet structure (September26, 2018,

i P \ X L
Fig. 42.1-41 Breach, ri
34.0462N, 78.0373W)
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Fig. 42.1-51 Breach from right side (September 26, 2018, 34.08a\, 78.0373W)

Fig. 42.1-61 Looking to breach from empty reservoir (September 26, 20184.04@® N,
78.03B5 W)

Fig. 4.1—7 T Looking to breach fm dowstream (Septeber 2, 201834.0473 N
78.03W)
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Fig. 42.1-81 Downstream right slope erosion, looking across to left altment (September
26, 2018, 34.046R, 78.0371 W)

Fig. 42.1-917 Downstream right slope erosionfacing right abutment (September 26, 2018,
34.046 N, 78.03B W)
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Fig. 42.1-107 Downstreamleft slope erosionfacing left abutment(September 26, 2018,
34.0476 N, 78.03B W)

Fig. 42.1-117 Attempted emergency spillway construction, left abutmen{September 26,
2018, 34.600 N 78.088 W)

)

Severe Scour : | Previous Channel

Fig. 42.1-127 Rail line to Military Ocean Terminal Sunny Pointshowing scour due to
breach flows(September 26, 2018, 34485 N 78.034 W)
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Fig. .2.]:131‘ Scour along rail line to Military Ocean Terminal Sunny Pint about 250 ft
from channel on right abutment, likely due to abutment overtopping(September 26, 2018,
34.0457 N, 78.0363 W)

4.2.2 Pine Lake Dam, Boiling Spring Lakes, Brunswick County, NC

Boiling Springs Lake Dam impounded the main reservoir of the Boiling Springs Lakes complex
(Fig. 4.2.22), which included four other dams that éailduring Florencé Pine Lake Dam,
North Lake Dam, Middle Danand Upper Dam.

Pine Lake Dam waa 16ft-high earthfill damwhich, like Boiling Springs Dam, wasmpleted
in 1964. It was an unregulated low hazard recreationahdéhe only outlet appead to bea
low-level pipe Pine Lake Dam impounded water at#-Gigher elevation than Boiling Springs
Lake, and it served as a causeway for East Boiling Spring Road that traversed its crest.

The lreachoccurred athe locationof the lowlevel pipe (kgs. 4.2.21, -2, -3). We observed
indications of overtopping and toe cutting downstream of dam at multiple locatiGri3EQ

informed us thathedam failed after the failure of downstream Boiling Springs Ddime

sudden drawdown of Boiling Springs La&ed the added exposure of the downstream slope to
overtopping erosion without the cover of the downstream lake may have contributed to the dam
failure.
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Google Earth >

Fig. 4.2.211 Postfailure aerial photograph (Google Earth, September 19, 2018, 34.034 N,
78.064 W)

Zor

T Sl *

Fig. 42.2-21 ooking from downstream Ift abtment to overtopin eosion, breach and
empty resevoir (September 28, 201834.0384 N, 78.085 W)
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6N g F
Fig. 42.2-31 Looklng from downstream right abutment to partlally fllled breach and
empty reservoir (September 28, 2018, 34.C81 N, 78.0635 W)

4.2.3 North Lake Dam, Boiling Spring Lakes, Brunswick County, NC

North Lake Dam in the Boiling Springs Lakes complex (Fig. 42).also failed during Florence.
North Lake Danwas a 16ft-high earthfill damalsocompleted in 1964and like Pine Lake Dam
was an unregulated low hazard recreational tfaversed by the same East Boiling Spring

Road We observed remnants wiultiple plastic and steel corrugated pipes through the dam.
The water level of North Lake, sfyeam of the dam, was normally 5 ft higher than the
downstream level in Boiling Spring Lake. As with Pine Lake Dam, the sudden drawdown of
Boiling Springs Lake and the added exposure of the downstream slope to overtopping erosion
without the cover of thdownstream lake may have contributed to the dam failure.

In addition to the breach near the right abutment (Figs.-4,23, we observedhdications of
severeovertoppingerosionand toe cutting near the left abutment (Figs. 432.3). We also
notedthe possibility thapart of dam toe may have eroded dudra@inagepipe discharge.
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Fig. 42.31'|'Looking from upstea right abutment to overtopping erosion and empty
North Lake reservoir (September 28, 2018, 34.02 N, 78.0528 W

Fig. 42.3-271 Looking downstreamfrom right abutment to breach and erosion downgream
(September 28, 201834.0424 N, 78.0530 W
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Fig. 42.3-31 Looking from downstreamleft abutment to vertopping erosion and empty
reservoir (September 28, 201834.0430 N 78.08.7 W)

¥ ¢ 3 S i - \V», il }
Fig. 42.341 Looking from left abutment to overtopping erosion and possible culvert
discharge erosion (September 28, 20184.0430 N 78.08.7 W)

4.2.4 Middle Dam, Boiling Spring Lakes, Brunswick County, NC

The Middle Dam sits at the southwest end of Boiling Spring Lake and normally impounds water
at a level 5 ft higher than the main part of the lake. The dam is not included in the NC Dam
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Safety Inventory. From Google Earth aerial and street view imagappears that the dam was
about 10 ft high and had at least one-lewel outlet pipe and a broamlested concrete spillway

about 40 ft wide. Like the other dams in the complex, Middle Dam appeared to be largely a sand
embankment. Unlike the other Boij Spring Lakes dams, Middle Dam did not have a local

road on its crest.

Fig. 4.2.41 shows the Google Earth aerial photograph of the dam breach taken on September 19,
2018. Fig. 4.2.4£ shows the breach from ground level at the time of our visis £B43 and-

4 show evidence that the dam was overtopped, which, in possible combination with the rapid
drawdown of Boiling Spring Lake downstream and lack of backwater to mitigate erosiom, was
likely cause of the breach.

A
N

G.)O(,’gle Earth & 300ft
Fig. 4.2.411 Middle Dam aerial image (Google Earth, September 19, 2018, 34.024 N,
78.066 W)
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Fig. 4.2.421 Middle Dam breached embankment close toorthwest abutment and the
concrete culvert structure, looking at left abutment(September 26, 2018, 43.024 N,
78.066W)

A
/.

Fig. 42.4-31 Middle Dam overtopping downstrem slope erosion close to right abutment,
looking at right abutment (September 26, 2018, 43.024 N, 78.066 W)
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Fig. 4.2.441 Middle Dam overoping donstram slop erosion of embankment, looking
at northwest abutment (September 26, 2018, 43.024 N, 78.066 W)

4.2.5 Upper Dam, Boiling Spring Lakes, Brunswick County, NC

The Upper Dam is located about % mile southwest and upstream of the Middle Dam and
normally impounds water at a level 3 ft higher than the Middle Dapoundment. Unlike the
Middle Dam, the Upper Dam is included in the NC Dam Safety Inventory and is listed as a high
hazard dam having a height of 9 ft and a length of 600 ft. From Google Earth aerial imagery, it
appears that the dam may have had two drigke outlets and no spillway. Like the other dams

in the complex, Middle Dam appeared to be largely a sand embankment. An dirt/gravel road
traversed the dam crest.

Fig. 4.2.51 shows the Google Earth aerial photograph of the dam breach takentemtSspl9,
2018. Fig. 4.2.82 shows the breach from ground level at the time of our visit. Fig-3.2.4
shows evidence that the dam was overtopped, which, in possible combination with the rapid
drawdown of the Middle Dam impoundment downstream and labkakwater to mitigate
erosion, was likely cause of the breach.
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Fig. 4.2.5117 Upper Dam aerial image (Google Earth, September 19, 2018, 34.022 N,
78.070W)

Fig. 4.2.5271 Upper Dam breached embankment looking ahorthwest abutment
(September 26, 2018, 43.022 N, 78.069 W)
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