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ERRI
& Problems Addressed

SN
\_
« Levees are subjected to overtopping, causing

significant damage. Prevention methods
against overtopping must be dev‘eloped

y)

* This project addresses | mnov m thods to”
strengthen the crest and Ian sIoRe from
erosive forces of overtopping f

\vr\f\f\[\
N V4

Crest

Landside

Combined Wave and Storm Surge Overtopping
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Research Objectives

 To determine the effectiveness of three
innovative levee strengthening systems
during full-scale overtopping or\ditions
simulating waves or combﬁne@ wave g‘nd
storm surge. LG N
— High performance turf reinforcement mak_
— Articulated concrete block system \}j
— Roller compacted concrete

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



SSPutheast Region
Research Initiative

N Capabllities

» JSU Is the leader in the area of Levee
Overtopping with more than a0 <~
publications, many In top In ring '
journals. x

» Received 1.45 M from DHS for l“éseeich

* Full Scale Testing \»,

 Numerical Modeling

» Slope Stability Analysis

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



*% High Performance Turf
"Reinforcement Mats (HPTRM)

 The HPTRMs have extremely
high tensile strengths, and
use a unique matrix of
polypropylene yarns and fiber
technology specially created
to lock soll in place. N

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



S%E\R\R\' Articulated Concrete Block
System (ACB)

 An ACB system Is a matrix
of machine compressed
iIndividual concrete blocks

mat.

* Blocks are 10 to 23 cm
thick and 929 to 1858 cm?
In plan with openings
penetrating the entire
block.

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



. Roller Compacted Concrete

 RCC iIs formed by
mixture of controlled-
gradation aggregate,
Portland cement,
mixed with water and
then compacted by a
roller.

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security
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AN Full Scale Testing at OSU

* Full-scale overtopping test bed in 104-m wave flume
« Unsteady flow consisting of wave and/or co,mbineq/’\/Va\\\(e

¢ , \

and surge. s e S

(a) Surge-only overflow (R; < 0) (b) Wave-only overtopping (R > 0) i // :")’
< SWL / s 7 },

l s // i
R. (negative) 3
=bocsocmomso = Lan & — ~
d‘S/d TR TN o 9.,
Q
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Q

(c) Wave-only overtopping (R¢ = 0)
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SERRI

Re: X arcl’( Initiative

% Levee Embankment Section
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\ Vegetated HPTRM Setup and Maintenance

\ T o
1. Bermuda Seed Apply

. e SR

4, Heat & nght Enhanced i
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E:x.zﬂﬁ_evee Embankment in Large Wave Flume
at OSU

Wave and surge

overtopping Side View

T Wave
457 m maker

X

T Wave

3.66 M | maker

Water-side
slope

X

* Physical model was set up at full scale (1:1)
* LWF is 104 m (L) x 3.66 m (W) x 4.57 m (H) with a unidirectional piston

wave maker for up to 1.6 m wave height.

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



SERRI . .
%E‘w Setup of Hydraulic Instrumentation

- mx\(

Surface-piercing wire wave gage Acoustic range finder
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\Re

E\ Hydraulic Tests at RCC Test Section

o Nme Surge-Only Overtopping Tests
® Six Wave-Only Overtopping Tests

® Seven Combined Wave and Surge Overtopping Tests

Erosion
measurement: (a)
severely eroded
position, (b) pre-
chosen position

Combined overtopping
(HmO = 07 m1 Tp = 7 S, RC = '024 m

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



ERRI
Hydraullc Tests at ACB Test Section

® One Surge-Only Overtopping Test
® Three Wave-Only Overtopping Tests

® Four Combined Wave and Surge Overtopping Tests

ombined overtopping

Managed by UT-Battelle for the U.S. (HmO =0.6m, Tp =5s, Rc =-0.27m



\ HPTRI\/I I\/Ietal Tray Installatlon

2. Crane Liftl
. ’ ;
Managed by UT-Battelle for the u.s. Department of Energy Supportmg the Department of Homelana St




3R _ )
=..aif"§i/draullc Tests at HPTRM Test Section

® One Surge-Only Overtopping Test
® Three Wave-Only Overtopping Tests

® Five Combined Wave and Surge Overtopping Tests - y X

I : =N
.' ) = . // ~4

%/ " Top View HPTRM section
¢ /’_‘4 1 1 2! 2! 2! 2] 2' 2| 2. 2' 2.

Test-section

N
N
N

/B

25 ft

[ ‘;‘

5

Grass counting and elevation measurement

Combined overtopping
(Hno=0.85m, T, =55, R, =-0.26 m
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.y\'i

Hydraulic Data
Analysis

flow thickness, m
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SERRI

P Dimensionless Average Wave/Surge

- Overtopping Discharge vs. Relative Freeboard
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S;EFR' Relative Average Wave/Surge Overtopping
. Discharge to Surge-Only Discharge vs.

T Relative Freeboard
& RCC
i - ACB
| A HPTRM / |
—  Bestfit =3 5
10! qWS/qS 36.12exp(19.~>9RC/Hm o)+1
A
) - At higher freeboard, discharge equivalence f
Em ~ Atlower freeboard, wave overtopping is more influential /‘A/
=5
Qws = C(I)s .
ot @ L SERtEE TULELE/CEettet, &
- WhenR;<-0.3H,, q,s =2 g, (surge-dominated cases)
- WhenR,>-0.3H,, 9,5 > ds (wave-dominated cases)
10t } } } } :
-1 -0.8 -0.6 -0.4 -0.2 0)

Rc/Hmo
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5%.35' Distribution of Individual Wave/Surge
X Overtopping Discharge
c 04
8 ®RCC
£ 0 ACB $ , /
5 03 A HPTRM 4 / >
£ 0.2 y
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SE8E  Best-fit equation for Weibull shape

\\'
. factor b for all the tests
1.6
1.4 - .
< 1.2
S
o 1
3 0.8 & RCC
G 0 ACB
= 0.6
te! A HPTRM
()]
= 04 Best fit RCC
02 |/ Best fit ACB
- Best fit HPTRM
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0016 0.018 0.02 0.022
Owertopping parameter - qus/(gHmoTp)
RCC ACB HPTRM
b=6.93(¢)0'43 b:6.90(L)0-41 b=830( Qus )0.42
g mO0 " p g mo ' p g mo ! p
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SERRI

f\ Distribution of Individual Wave Volume for
~ Combined Wave and Surge Overtopping

2. r r
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SERRI
By Steady Flow Thickness on Landward-side

h Slope for Surge-only Overflow
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SERRI

utheast Regi

“%.ff::";'“f“}’&verage Flow Thickness on Landward-side Slope for

N Combined Wave and Surge Overtopping
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Research Initiative

TS Average Flow Thickness Equivalency between Surge-only
. Overflow and Combined Wave and Surge Overtopping
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SERRI

theast Regio

b “ﬁ\verage Flow Velocity Equivalency between Surge-only Overflow

\. and Combined Wave and Surge Overtopping
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SEBR} 0.6 : :
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Ba" Estimation of H,,. on Landward-side Slope

4
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utheast Region
Research Initiative

“Wave Front Velocity on Landward-side Slope

.
¢ RCC .
0 O ACB A @
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utheast Region
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EBRBI Settlement or Upliftq Data for ACB Tests

" after 90 min combined wave overtopping
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\
N

Erosion Data of HPTRM Tests
(1) Elevation measurement
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Along flume, ft (O indicates crest edge )
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SERRI
%%R"‘ Soil erosion rate versus overtopping velocity

Landward-side slope

Managed by UT-Battelle for the U.S. Department of E
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SERRI

?'l?'t\t Estimation for Erosion of Different Time Duration
N
14
1o \ ¢ 1.5hr
3hr' o 3hr
- 10 A 4.5hr
= 1.5hr o 6hr
= 5 Ry
3 ¢
4
2
& ]
0 7 3
2 15

HPTRM section
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~_Improvement of Soil Erodibility

« Soll erodibility: relationship between the erosion rate and
the shear stress at the soil-water interface. o

« Measured with Erosion Function Apparatus (EJ:A) by
Dr. Briaud Group at Texas A & M UmverS|ty

V =P  Water Flow

Soil
Piston Pushin
atRate=2

.
>

{ PR T(IN/m’)
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\ I\/Ieasurement of Soil Erodibility
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N

~___Soll Erodibility Improvement
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Re: earcl\ |n|r.|atwe

Soil Erodibility Improvement
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== Design Parameters for Three Levee
Strengthening Systems

 Under combined wave and surge overtopping;
strengthening levees in crest and landward-side
slopes with: 4 & !

— HPTRM can withstand wave overto pins\ of 0.2 m3/s-
m, where Dutch guideline is 0.01 m3/s-m ?r\or good
quality grass cover (TAW 1989). b Sqn

— RCC can withstand wave overtopping of 0.34 %3/s-m,
where Goda (1985) suggested 0.05 m3/s-m for\”\ |
concrete protected side slopes. D~

— ACB can withstand wave overtopping of 0.17 m3/s-m

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



SERRI

s o Empirical Equations for Three Levee

'\ Strengthening Systems Design under Surge-
only Overflow Conditions

Design parameters

Empirical equations developed by this'study |

steady overflow discharge qs

average flow thickness dson
landward-side slope

steady flow velocity vs on
landward-side slope

q, =C, \/ahf’/z where Cs is 0.5445 for RCC, 0.4438 for ACB, and
0.415for HPTRM strengthened levees.

\Jod
i Ky . where kq is 0.1732 for RCC, 0.2365 for ACB, and 0.3076
9

for HPTRM strengthened levees.

Vv, =K,/gh, , where ky is 2.628 for RCC, 1.995 for ACB and 1.637 for
HPTRM strengthened levees.

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



SEBBI  Empirical Equations for Three Levee

rch Initiative

~Strengthening Systems Design under Combined
Wave and Surge Overtopping Conditions

Design parameters Empirical equations developed by this study

dimensionless average R,

wave overtopping Oys /G5 =36.12exp(19.59 H )+1

discharge quws/ gs iy

distributions of O v s

BT P(g<a.) =1—exp[(—F) ], where c can be calculated by ¢ = e b

overtopping discharge .42 e
can be calculated by & = (%] where B is 6.93 for RCC, 6.9 for

_g....ml:\,JF
ACBand 8.3 for HPTRM strengthened levees, and I" is the gamma
function.

average flow thickness d. =1.174d
dm on landward-side i

slope
average flow velocity Vs RC
on landward-side slope ~ Vus / Vs =3.35exp(13.59—) +1
mO0
Di_stribution of wave H,,=1416-H ., H,,,,=1.80-H, ., Hy,, =2.36-H_
heights on landward-
side slope

Managed by
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Putheast Region

Empirical Equations for Three Levee
~Strengthening Systems Design under Combined

Wave and Surge Overtopping Conditions

Design parameters

Empirical equations developed by this study

Wave front velocity vy
on landward-side slope

Root-mean-square of
shear stress t¢rms ON
landward-side slope

Distribution of shear
stress on landward-side
slope

Maximum soil loss
depth Emax, in mm

Erosion rate Ein mm/ hr

Erosion rate Ein mm/ hr

v,,=4.33(90,,)"

=0.0547y,h_ for HPTRM strengthened levee

Tt ,rms

T =0.976- 7 gy Ty1i00 =2.36 Typg s Tygneo = 704+ Ty for HPTRM

t,rms
strengthened levee

E.. =11.23v, —16.24 for HPTRM strengthened levee, where vs is
the average overtopping flow velocity in m/ s

E =5.3v, —9.3 for HPTRM strengthened levee

)4.44

E =0.394+0.735(—V,, HRC

mO




Summary & Conclusions

Effectiveness of HPTRM, RCC, and ACB were
Investigated with full-scale overtopping tests.

HPTRM, RCC, and ACB can S|gn|f|cantly decrease the
flow velomty on landward-side slope. 2 .
Average overtopping discharges are H T I\/I < ACB <

RCC for the same hydraulic conditions \

— For RJ/H_,<-0.3, q,,./ds IS close to 1. K <
— For-0.3<R/J/H,, <0, q,/d INCreases sh%rb\y With < Ry{(go

Average flow thicknesses on landward-side slope
RCC < ACB < HPTRM for the same overtopping \
discharge
— d./d,=1.174

Managed by UT-Battelle for the U.S. Department of Energy — Supporting the Department of Homeland Security



SERRI

sP hltt
.

Summary & Conclusions

| Average flow velocities are HPTRM < ACB < RCC for the same

overtopping discharge
— For R/H,,, <-0.3, v,./V is close to 1.

T TWS

— For-0.3 <R./H;,0 <0, v,,s/Vs Increases sharply with -R /H

¥ WS

Wave front velocmes are HPTRM < ACB < RCC for the same :,;"t
relative freeboard. / , )

HPTRM system has the best effect in reducing overtopping". .
discharge and wave front velocity on landward:side slope, whlle
RCC has the least effect. NRRATTN

Flow equivalency shows that the impact of.wave on overto%emg
parameters weakens with an increase in the negative relative,
freeboard. \\ s

The maximum erosion depth in HPTRM test section is mainly  #”
impacted by overtopping flow velocity.
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Summary & Conclusions

After the maximum soil loss is reached, the relationship between

erosion rate and average overtopping flow velocity is approximately
linear.

Both the grass roots and HPTRM can increase the critical velocity .
by 1 m/s. The erodibility of the soll is lowered from hlgh erodlblllty 10
median erodibility by both the grass roots ahd PTi )

HPTRM can strengthen the clay levee by mcre sing\the threshold
value of both flow velocity and shear stre

Aside from the surface erosion, the RCC remaj duq;a throughout
all of the experimental tests, and there-was no, catastrophiCyfailure in
the RCC test section. L

According to this full-scale overtopping test, the crest and Ianab«errd-
side slope strengthened by HPTRM, RCC and ACB can withstand
wave overtopping of 0.2, 0.34, and 0.17 m3/s/m, respectively in the
combined wave and surge overtopping conditions.
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