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ABSTRACT OF DISSERTATION
MOMENT STABILITY ANALYSIS METHOD FOR DETERMINING SAFETY

FACTORS FOR ARTICULATED CONCRETE BLOCKS

Articulated concrete block (ACB) revetment systems are widely used for channel
lining and embankment protection. Current approaches for prediction of ACB system
stability are based on a moment stability analysis and utilize shear stress to account for all
hydrodynamic forces. Assumptions utilized in the moment stability analysis derivations
were identified and the applicability to channelized and steep-slope conditions was
investigated. The assumption of equal lift and drag forces was determined to be non-
conservative and the most influential to computed safety factors.

A database of twenty-four tests encompassing both channelized and overtopping
conditions was compiled from available data for three ACB systems. Safety factors were
computed using the current state-of-the-practice design methodology for each test. The
current design methodology proved accurate at predicting the point of instability for five
out of the nine total tested ACB installations. A new safety factor design methodology
was developed using a moment stability analysis coupled with the computation of
hydrodynamic forces using both boundary shear stress and flow velocity.  Lift
coefficients were calibrated for each of the three ACB systems within the database.

Safety factors were computed using the new safety factor method and the calibrated lift
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coefficients. The new safety factor design method proved accurate at predicting stability

for eight of the nine total tested ACB installations.

Amanda L. Cox

Department of Civil and Environmental Engineering
Colorado State University

Fort Collins, CO 80523

Summer 2010
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1 INTRODUCTION

1.1 INTRODUCTION AND GENERAL BACKGROUND

With non-stationary technology and a continually changing environment, there is
a constant need to evaluate design methods and associated hypotheses. Articulated
concrete block (ACB) revetment systems are commonly used for erosion protection for
multiple applications. An ACB system, or mat, is a flexible interlocking matrix
composed of individual concrete blocks. The term “interlocking” refers to interlocking
block geometries or other connecting devices such as cables or ropes. Additionally, the
term “articulating” designates that the system can conform to changes in the subgrade
while staying interconnected. Figure 1.1 provides a sketch of an ACB system and
individual blocks. Typical applications of ACB systems include channel lining,
riverbank protection, dikes and levy protection, dam crest and spillways, and bridge
abutment protection. The history of ACB development and use within engineering dates
back to the mid-1970s when the former Soviet Union was testing and constructing
concrete block erosion revetment systems (Clopper, 1991). Use of ACB systems has

since been employed throughout the United States.
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Figure 1.1: Sketches of an ACB Mat and Individual Blocks

Available design methods provided by Clopper (1991) and the National Concrete
Masonry Association (NCMA, 2006) for ACB systems have not been verified with full-
scale data. The Clopper (1991) and NCMA (2006) design methods compute a safety
factor using a moment stability analysis approach. Chapter 2 presents a literature review

that was conducted to identify: 1) the origin of the Clopper (1991) and NCMA (2006)



design methods, 2) ACB test data for analysis, and 3) hydraulic analysis techniques for
ACB performance testing data. An investigation of the assumptions used in the
development of the Clopper (1991) and NCMA (2006) design equations is presented in
Chapter 3 and the most influential assumptions are identified.

A database is presented in Chapter 4 which was developed from full-scale
laboratory tests. Three ACB systems were included in the database and testing
conditions provided a range of overtopping flow depths, embankment lengths, in addition
to both channelized and overtopping test conditions. Chapter 5 details the hydraulic
analysis of the developed database.

An assessment of the Clopper (1991) and NCMA (2006) design equations using
the database is provided in Chapter 6. The assessment demonstrates that the Clopper
(1991) and NCMA (2006) design equations were ineffective at predicting stability
conditions for the database. Chapter 7 details the derivation of a new safety factor design
method which was based on a moment stability analysis and eliminated numerous
assumptions associated with the Clopper (1991) and NCMA (2006) methods. An
assessment of the new safety factor methodology is presented in Chapter 8. The new
safety factor method proved successful at predicting stability for twenty-three of the

twenty-four total tests.

1.2 RESEARCH OBJECTIVES

The objectives of this research were to:
1. Investigate the applicability of existing design methods to predict ACB system

stability;



. Identify assumptions used to formulate the equations utilized in the existing

design methods;

. Determine the influence of the identified assumptions on the computed safety

factor value; and

. Develop and verify a design methodology to predict ACB system stability for

channelized and steep-slope, high-velocity applications.



2 LITERATURE REVIEW

Literature is detailed herein that addresses embankment testing and analysis of
ACB revetment systems, and existing moment stability safety factor design
methodologies. Section 2.1 details ACB testing conducted by the Construction Industry
and Research Information Association (CIRIA), the Federal Highway Administration
(FHWA), and the United States Army Corps of Engineers (USACE) (Hewlett et al.,
1987; Clopper and Chen, 1988; Clopper, 1989; Abt et al., 2001). Furthermore, Section
2.1 addresses available testing and analysis protocols presented by Leech ef al. (1999b),
American Society for Testing and Materials (ASTM) D7276 (2008), and ASTM D7277
(2008). Moment stability analysis safety factor design methods by Stevens and Simons
(1971), Clopper (1991), Julien (1998), Julien and Anthony (2002), and the NCMA (2006)

are reviewed in Section 2.2.

2.1 EMBANKMENT TESTING AND ANALYSIS OF

ARTICULATED CONCRETE BLOCK SYSTEMS

Due to the proprietary nature of ACB systems, it is difficult to identify the exact
origin of ACB research. Clopper (1991) documented that in the mid-1970s, the former
Soviet Union investigated the installation of ACB systems for embankment protection for

steep-slope applications (66 to 197 ft in height). The earliest documented block testing



studies were conducted in 1986 by the CIRIA in the United Kingdom at Jackhouse
Reservoir (Hewlett et al., 1987). The FHWA followed the CIRIA closely with controlled
laboratory testing of embankment protection systems in 1987 and 1988 (Clopper and
Chen, 1988; Clopper, 1989).

Leech et al. (1999b) developed test protocols for ACB protection systems. Abt et
al. (2001), following the protocols developed by Leech et al. (1999b), evaluated the
performance of a generic block for overtopping and channelized hydraulic conditions. In
2008, the ASTM published a standard for ACB performance testing (ASTM D7277,
2008), in addition to a standard for analysis and interpretation of ACB performance test
data (ASTM D7276, 2008). Subsequent sections detail relevant literature pertaining to

testing and analysis of ACB protection systems.

2.1.1 CIRIA EMBANKMENT TESTING

Hewlett et al. (1987) documented the CIRIA embankment testing conducted in
the United Kingdom at Jackhouse Reservoir. The CIRIA testing examined reinforced
grass erosion protection systems including geotextile reinforcement, concrete
reinforcement, and plain grass with no reinforcement. ACBs were classified as a
concrete-reinforced system. Hewlett er al. (1987) provided results of the CIRIA field
trials and conclude that the Armortec™ 30S system, with established grass, was unstable
at flow velocities between 23 and 26 ft/s and the Petraflex'™ system with established
grass was stable up to a flow velocity of 26 ft/s. Recommendations for limiting velocity
values for various reinforced grass protection systems, including ACBs, are provided in

Hewlett et al. (1987). Figure 2.1 provides the limiting velocities versus flow duration for

6



plain and reinforced grass presented in Hewlett et al. (1987). Based on the CIRIA test
conditions, Hewlett et al. (1987) recommended limiting the maximum design velocity for

ACB systems with “good interblock restraint” to 26 ft/s (8.0 m/s).

Concrete systems, good interblock restraint
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Figure 2.1: Limiting Velocity versus Flow Duration for Plain and Reinforced Grass
(adapted from Hewlett ef al. (1987))

2.1.2 FHWA OVERTOPPING RESEARCH (CLOPPER AND CHEN, 1988)
To develop preliminary design recommendations for the protection of

embankments against erosion induced by overtopping flow was the primary objective of



the FHWA research detailed in Clopper and Chen (1988). To meet that objective,
Clopper and Chen (1988) investigated previous studies including testing conducted by
the CIRIA (Hewlett et al., 1987) and available data on hydraulics of overtopping flow
and erosion damage of unprotected embankments. Additionally, hydraulic performance
testing of available protection systems was conducted. Embankment testing during the
Clopper and Chen (1988) FHWA research included two soil types (CL and SC-SM), soil
cement, gabion mattresses, Geoweb, Enkamat (7020), Enkamat (7020) with asphalt, and
cable-tied concrete block revetment systems. The resulting data were analyzed, and
flow-velocity and shear-stress values associated with each test condition were reported
along with the stability of each protection system. Appendix A provides the available
ACB data from testing reported in Clopper and Chen (1988).

Clopper and Chen (1988) concluded with recommendations for design of
protection systems. Table 2.1 provides the limiting value of shear stress reported by
Clopper and Chen (1988) for each protection system. Clopper and Chen (1988) provided
two methods for computing shear stress and stated that the larger of the two computed
shear stresses should be used for design. The first shear-stress computation method is

computed from Equation 2.1 using the maximum flow depth at uniform flow:

T, =mM,S, Equation 2.1

where

shear stress (lbs/ftz);

Q)
Il

unit weight of water (Ibs/ftY);

<
Il



d

m

maximum flow depth at uniform flow (ft); and

So embankment slope (ft/ft).

The second shear-stress method presented by Clopper and Chen (1988) computes shear

stress from Equation 2.2, which incorporates the uniform flow velocity:

7, :% fov: Equation 2.2
where
f = Darcy-Weisbach friction factor;
p = density of water (slugs/ft’); and
V., = maximum velocity at uniform flow (ft/s).

Table 2.1: Limiting Values of Shear Stress Reported in Clopper and Chen (1988)

Protection System Limiting Shear Stress
(Ibs/ft?)

Soil cement (8 percent)? > 45

Gabions (6-in. thick) 35

Gabions (4-in. thick) 10

Enkamat with 1-in. asphalt <5

Enkamat with 3-in. asphalt 15

Armorflex Class 30 blocks 15
Petraflex-Vick blocks > 30

Dycel 100 blocks <7

# Maximum capacity of facility was reached with no indication of

failure

2.1.3 FHWA ACB STABILITY FOR OVERTOPPING FLOW (CLOPPER, 1989)
Results from the 1988 FHWA research on embankment protection systems
indicated that ACB systems were capable of protecting embankments with overtopping

conditions. = However, the performance of the three systems investigated varied
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considerably with the Petraflex-Vick block successful at preventing erosion during a 4-ft
overtopping test and the Dycel 100 block proving incapable of protecting adequately
during a 1-ft overtopping test. FHWA identified the need to further investigate the
efficacy of ACB systems for protecting embankments during overtopping flow. The
primary objective of the Clopper (1989) FHWA research was to provide detailed testing
and analysis to quantify the processes causing failure of ACB protection systems.
Overtopping tests were conducted on five ACB systems: 1) Armorflex Class 30
block, 2) Dycel 100, 3) Petraflex-Vick block, 4) concrete construction blocks, and 5)
concrete wedge-shaped overlapping blocks. Figure 2.2 provides sketches of the five
ACB systems tested during the Clopper (1989) research. Overtopping tests were
conducted utilizing either a rigid concrete embankment or an erodible soil embankment
(SC-SM). In addition to water-surface elevation and flow-velocity data, pressure
transducers were used in four locations to measure hydrodynamic pressure between the
geotextile and the subgrade. Variations in embankment geometry including a chamfered

crest were investigated.
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Figure 2.2: Sketches of the Five ACB Systems Tested during the Clopper (1989)
FHWA Research (adapted from Clopper (1989))

Results from the Clopper (1989) FHWA research are presented in Table 2.2. The
Armorflex 30S block proved to be stable for the 4-ft overtopping test with the chamfered

crest; whereas, it was not stable for the 4-ft overtopping condition without the chamfered
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crest in the Clopper and Chen (1988) test. Since the Petraflex-Vick block did not fail
during the Clopper and Chen (1988) testing, it was not tested on the erodible

embankment during the Clopper (1989) tests.

Table 2.2: Critical Flow-velocity and Shear-stress Values Reported in Clopper

(1989)
Critical Critical
Protection System Flow Velocity Shear Stress

(ft/s) (Ibs/ft?)
Armorflex Class 30 blocks >15 >34
Dycel 100 blocks <9 <12
Concrete construction blocks >17 >20
Wedge-shaped blocks >17 >25

2.1.4 LEECHET AL. (1999B)

While hydraulic testing of block systems had been previously conducted, Leech et
al. (1999b) introduced a set of testing protocols for block systems intended to provide
comparable performance data to designers. Two block-testing protocols are detailed in
Leech et al. (1999b): one for overtopping system performance testing and one for
channelized system performance testing. Leech er al. (1999b) described overtopping
flow as lateral flow conditions typically associated with flow over dams, through
spillways and down embankments. Channelized flow is described by Leech et al.
(1999b) as flow conveyed through a channel resulting in flow parallel to the
embankment.

The presented overtopping test protocol was founded on the FHWA studies
documented in Clopper and Chen (1988) and Clopper (1989). Leech et al. (1999b)
indicated minimum test facility requirements of 4.0 ft channel width, 6.0 ft high

embankment, and a horizontal crest approach of 20.0 ft. Leech et al. (1999b) further



stated that the facility should be capable of variable embankment slopes (i.e., 2-
horizontal-to-1-vertical (2H:1V), 3H:1V, etc.). One key discrepancy in the testing
protocol from the FHWA testing was the specification for the use of a sand or silty sand
embankment material. Since locating a specific soil mixture can be difficult for multiple
testing facilities, specifying sand or silty-sand embankment material allows test results to
be comparable.

Leech et al. (1999b) described system installation, test procedures, and how to
evaluate block system stability. According to Leech ef al. (1999b), each tested discharge
should be maintained for a 4-hr duration, and flow depths and velocities should be
collected hourly along the centerline of the slope at predetermined cross sections. Leech
et al. (1999b) provided the following definitions for block system failure:

1. Loss of a block or group of blocks that directly exposes the underlayer to the
flow or the separation of the block system from the subgrade. Separation may
result from erosion, settlement or liquefaction of the embankment soil,
movement or settlement of the drainage bedding system, suction or lifting of a
block(s) from the flow, or hydrodynamic loading of the system from the flow.

2. Loss of contact with the embankment soil beneath the block system by
gradual erosion along the slope, washout through joints, or washout through
open cells.

3. Loss of system integrity through block oscillation or loss of intimate contact

of the block with the filter.
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The second protocol presented by Leech et al. (1999b) is for channelized
hydraulic testing of block systems. For channelized testing conditions, flow is conveyed
parallel to the embankment. Leech et al. (1999b) indicated that the channelized protocol
presented should be considered preliminary and stated that further research should be

conducted before a detailed standard is developed.

2.1.5 ABTETAL. (2001)

Abt et al. (2001) detailed a study sponsored by the USACE to evaluate testing
protocols presented in Leech er al. (1999b). A generic block, identified as the Corps
Block, was developed by the USACE (Leech et al., 1999a) and tested in accordance to
both the overtopping and channelized test protocols. Overtopping tests were conducted
on SH:1V and 7H:1V embankments composed of silty-sand material (SM, Universal Soil
Classification System). Channelized testing was conducted in a half-trapezoidal channel
with a bottom width of 1.2 ft and 2H:1V side slopes. The soil used for channelized
testing was classified as a well-graded sand (SW, Universal Soil Classification System).
A critical flow velocity of approximately 13.5 ft/s was identified for the Corps Blocks for
both the overtopping and channelized conditions.  Additionally, for both testing
conditions, a critical shear stress of approximately 4.5 Ibs/ft* was reported. Abt et al.
(2001) concluded that both the overtopping and channelized flow testing protocols
yielded similar results. Ultimately, Abt et al. (2001) recommended the overtopping
testing protocol as the requirement for evaluating block systems due the efficiency of

testing compared to channelized testing and associated cost savings.
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2.1.6 ASTM D7277 (2008) ACB TEST STANDARD

ASTM D7277 (2008) is a standard test method for full-scale performance testing
of ACB revetment systems for hydraulic stability in open channels. Within ASTM
D7277 (2008), testing protocols are provided for system installation, test procedures,
measurement techniques, analysis techniques, and reporting requirements. The test
method presented is specific to steep-slope, high-velocity flow conditions.

Installation requirements include a silty-sand soil subgrade compacted to between
90 and 95% of standard effort density (ASTM D698, 2007). A minimum horizontal crest
length is specified as 6 ft followed by the sloped embankment. ASTM D7277 (2008)
identified a 2H:1V as the benchmark embankment slope, but indicated that other
embankment slopes may be used. ASTM D7277 (2008) specified that an appropriately
designed filter for the soil subgrade should be utilized and the ACB installed according to
the manufacturer’s recommendations. Figure 2.3 provides a sketch of a test setup from

ASTM D7277 (2008).
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Figure 2.3: Sketch of ASTM D7277 (2008) Test Setup



ASTM D7277 (2008) defined a test as a 4-hr continuous uniform flow over a
revetment system. Hourly measurements of water-surface elevations and point velocities
are specified to be collected at 2- and 4-ft intervals, respectively.

Three methods of stability threshold assessment are identified in ASTM D7277
(2008):

1. Vertical displacement or loss of a block or group of blocks;

2. Loss of soil beneath the geotextile, resulting in voids; and

3. Liquefaction and mass slumping/sliding of the subsoil.

ASTM D7277 (2008) defined the stability threshold as any observations that one
or more blocks have lost solid contact with the subgrade. Required reported data include
measured data and calculated hydraulic conditions for each test. Measured data include
discharge, overtopping depth, bed elevations, water-surface elevations, and point flow
velocities.  Computed data include discharge from continuity and flow depths.

Continuity discharge is computed using Equation 2.3 (ASTM D7277 (2008)):

Qpn = A(V ) Equation 2.3

where

Q,, = continuity discharge (cfs);

A = cross-sectional flow area measurement normal to embankment surface
(ft*); and

V,. = average of point flow velocities collected at 20%, 60%, and 80% of flow
depth (ft/s).
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Flow depths are computed accounting for slope correction by Equation 2.4 (ASTM

D7277 (2008)):
y. = (. — z,)*cos(arctan(S, )) Equation 2.4
where
vy, = flow depth at station i (perpendicular to the embankment) (ft);
h, = water-surface elevation at station i (ft);
z; = bed elevation at station i (ft); and

S, = embankment slope (ft/ft).

2.1.7 ASTM D7276 (2008) ACB ANALYSIS STANDARD

ASTM D7276 (2008) is a standard for analysis and interpretation of ACB
revetment system hydraulic test data collected under steep-slope, high-velocity conditions
in a rectangular open channel. ASTM D7276 (2008) is intended to be used in
conjunction with the ASTM D7277 (2008) standard for performance testing of ACB
revetment systems. Methods for computation of discharge, flow depths, friction slope,
cross-sectional averaged flow velocity, and boundary shear stress are detailed within
ASTM D7276 (2008). Furthermore, guidelines for qualitative assessment of stability are
also presented and are identical to those provided in ASTM D7277 (2008).

Calculation of continuity discharge and flow depth presented in ASTM D7276
(2008) are identical to those provided in ASTM D7277 (2008) which are detailed in
Equation 2.3 and Equation 2.4, respectively. ASTM D7276 (2008) presents Equation

2.5, Manning’s equation, for computation of friction slope at each measurement station:
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2
S;= {n(\{)} ! Equation 2.5

where

S, = friction slope at station i (ft/ft);

n = Manning’s resistance coefficient;
V. = flow velocity at station i (ft/s); and
K, = units conversion coefficient, equal to 1.486 for U.S. Customary Units and

1.0 for SI units.
ASTM D7276 (2008) indicated that the roughness of the flume walls is negligible
compared to the ACB roughness of the flume bed and consequently uses the flow depth
in place of the hydraulic radius within the Manning’s equation to compute friction slope.
ASTM D7276 (2008) specified the computation of an optimal value of Manning’s
roughness, n, using a step-forewater analysis. Equation 2.6 is provided by ASTM D7276

(2008) for the step-forewater analysis:
1 L .
h, =h, + 2— (vl +v, )(vl -V, )—E (Sfl + sz) Equation 2.6
8

where
h,h, = upstream and downstream water-surface elevations at stations 1

and 2, respectively (ft);

g = acceleration due to gravity (ft/s%);
ViV, = upstream and downstream velocities at stations 1 and 2,
respectively (ft/s);
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L = slope length between stations 1 and 2 (ft); and

S;>8;, = upstream and downstream friction slopes at stations 1 and 2,

respectively, as defined by Equation 2.5 (ft/ft).
Using the step-forewater analysis, water-surface profiles are generated for a range of
Manning’s roughness values. The optimal Manning’s roughness value is identified from

the profile which generates the lowest £ value as defined by Equation 2.7:

&= i‘h red ~ Mo Equation 2.7
where
& = optimizing variable for determining best-fit Manning’s n (ft);
i, = Iinitial station for analysis;
i = ending station for analysis;
h,.. = predicted water-surface elevation at station j; (ft); and
h,, = observed water-surface elevation at station i; (ft).

Figure 2.4 provides a flow chart of the ASTM D7276 (2008) step-forewater analysis

method.
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Figure 2.4: Flow Chart of Step-forewater Analysis Method (adapted from ASTM
D7276 (2008))

Following the determination of the best-fit water-surface profile, cross-sectional
averaged flow-velocity and control volume averaged shear-stress values are computed.

Cross-sectional averaged flow velocities are computed at each station as the discharge
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divided by the cross-sectional flow area, A, normal to the embankment surface. ASTM
D7276 (2008) states that if gradually-varied flow conditions exist, then boundary shear

stress, 7o, 1s computed using Equation 2.8:

Ty = 7(y)(S f) Equation 2.8

where

y = unit weight of water (62.4 Ibs/ft’);

y flow depth measured perpendicular to embankment (ft); and

Sy = friction slope (ft/ft).
A method for boundary shear-stress computation from the momentum equation is also
provided by ASTM D7276 (2008). Equation 2.9 computes a shear-stress value over a

representative control volume of finite embankment length, L:

7, = %/(yl +y,)sin 9+% %(yf —y2)cosd - ,oq{yi2 —yilﬂ Equation 2.9
where

y = unit weight of water (62.4 Ibs/ft’);

v,»y, = {flow depths at upstream and downstream ends of control volume,
respectively (ft);

v,,v, = flow velocity at upstream and downstream ends of control volume,
respectively (ft/s);

L = length of control volume along the embankment (ft);



unit mass of water (1.94 slugs/ft3 ); and

P

unit discharge (ft*/s).

q
A sketch of the variables used in Equation 2.9 to compute shear stress is presented in
Figure 2.5. ASTM D7276 (2008) identified reporting requirements including the
requirement to quantify the hydraulic conditions, peak flow velocity and shear stress at

the location of the stability threshold.

2 Horizontal datum (

Figure 2.5: Sketch of Variables used in Momentum Shear-stress Equation (adapted
from ASTM D7276 (2008)).
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2.2 FACTOR OF SAFETY DESIGN METHODS

Over the course of the past two decades, moment stability analysis methods
developed by Stevens and Simons (1971), Julien (1998), and Julien and Anthony (2002)
have been adapted and modified to generate design procedures applicable to engineered
armor units. The original application for the identified safety factor methods is to
produce safety factors for cohesionless particles, which exhibit a quasi-spherical shape,
on a channel side slope. Stevens and Simons (1971), Julien (1998), and Julien and
Anthony (2002) safety factor methods have been adapted to obtain design guidelines for
engineered armor units and are endorsed by the Harris County Flood Control District
(HCFCD) and the NCMA (Clopper, 1991; HCFCD, 2001; NCMA, 2006). Several
assumptions and simplifications were applied throughout the original and extrapolated
derivations which generate uncertainty in the computed safety factors. Clopper (1991)
and NCMA (2006) are the two primary safety methods used for design of ACB
protection systems. Each method for calculating a safety factor value is detailed in the

following sections.

2.2.1 STEVENS AND SIMONS (1971)

A method for determining safety factors for particles rotating out of a bank was
presented in Stevens and Simons (1971). The method was based on a moment stability
analysis and accounts only for contributions from the side slope when determining the
submerged weight force distribution. Stevens and Simons (1971) incorporated a

normalized Shields parameter to quantify incipient motion on a side slope. Furthermore,



the assumption that the moments created by the lift force and drag force are equal is
applied. This section presents the derivation for the Stevens and Simons (1971) method.
Figure 2.6(a) illustrates the forces acting on a cohesionless particle, P, resting on a
channel side slope, which are visible within a channel cross-section view. The angle @ is
the side-slope angle and W is the submerged weight of the particle as defined by the
particle weight minus the buoyancy force. The side-slope angle is related to the side

slope, z, by Equation 2.10:

0=tan"'(I/z) Equation 2.10
When accounting only for the side slope and assuming the bed slope is horizontal, the
submerged weight force component parallel to the side slope is W, sin& and the
submerged weight force component normal to the side-slope plane is W cos@ as

depicted in Figure 2.6(a).



(a) Vertical Channel Cross-section View

A'} /Particle P

Horizontal

(c) Section A-A

(d) Section Normal to Section A-A

Figure 2.6: Force Diagrams (adapted from Stevens and Simons (1971))
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where

A-A = cross section along particle rotation path

Fy, = drag force (Ibs)

F; = lift force (Ibs)

l, = moment arm for submerged weight force component parallel to the side-slope
plane (ft)

‘, = moment arm for submerged weight force component normal to the side-slope
plane (ft)

0, = moment arm for the drag force component along the path of motion (ft)

l, = moment arm for the lift force (ft)

Particle P = cohesionless particle

(0] = point of rotation

u = streamline velocity vector

Wy = particle submerged weight (Ibs)

p = particle rotation angle measured in the side-slope plane (radians)

0 angle between the drag force and particle rotation path measured in the side-slope

plane (radians)
6 = side-slope angle (radians)
A = bed-slope angle (radians)

Figure 2.6 (continued): Force Diagrams (adapted from Stevens and Simons (1971))

Figure 2.6(b) illustrates the forces acting on Particle P including hydrodynamic
forces, which are visible from a view normal to the side-slope plane. These forces

include the drag force, F

5> and a component of the submerged weight force, W,.
Additionally, represented in Figure 2.6(b) is the streamline velocity vector, u, which
deviates from horizontal at an angle A .

When motion occurs, the particle follows a path at an angle # from a vertical line
projected on the side-slope plane. This direction is illustrated in Figure 2.6(b) as the
combined drag force and weight force vectors within the side-slope plane. Figure 2.6(c)
presents the forces acting within a Cross-section A-A which is taken along the particle

movement path. These forces include: the weight force acting in the normal direction

into the side-slope plane, W, cos@ ; the lift force acting in the normal direction out of the

side-slope plane, F,; the component of the drag force along Cross-section A-A,



F,, cos o ; and the weight force component along Cross-section A-A parallel to the side-
slope plane, W sin @cos 3.

A moment stability analysis was used to obtain an expression for the safety factor
which was defined as the ratio of resisting moments (moments that work to stabilize the
particle) to overturning moments (moments that work to set the particle in motion).
Equation 2.11 presents the safety factor (SF) equation for moment stability about Point O

within Cross-section A-A:

o :€1WS sin GCOifgfiﬁcj;fcos5+€4FL Equation 2.11
where

¢, = moment arm for submerged weight force component parallel to the side-
slope plane (ft);

¢, = moment arm for submerged weight force component normal to the side-
slope plane (ft);

¢, = moment arm for the drag force component along the path of motion (ft);
and

¢, = moment arm for the lift force (ft).

where all other variables have been previously defined. Dividing Equation 2.11 by ¢ W

produces Equation 2.12:

(¢,7¢,)cos@
l,F, cos5+ l,F,
(W, (W,

SF =

Equation 2.12

sin @cos [ +



where all the variables have been previously defined.
The expression tan¢ =/, /¢, under static fluid conditions can be derived from
the safety factor equation (Equation 2.12) by setting the side-slope angle & equal to the

angle of repose, ¢, and the safety factor to 1.0. Equation 2.13 and Equation 2.14 present

the derivation for the expression tang =/, // :

- (fz/fl()oc)osgp(S e (zz/zfl)cosgp _(e,70) Equation 2.13
sin geos(0)+ o0y T4 sin ¢ tang
EIWS EIWS
tangp=1/0,/0, Equation 2.14

Equation 2.15 is obtained by substituting tang =/, /¢, into the safety factor equation,

Equation 2.12:

SF, = €08 9;"1; / — Equation 2.15
sin @cos B+tang 2 cosd+— L
W, oW,

For simplification, Stevens and Simons (1971) express the variable groupings associated
with the lift force and the drag force as single variables M and N, respectively.
Equation 2.16 and Equation 2.17 identify the single variables M and N, which

represent the lift force and drag force variable groupings:

M= by Equation 2.16
'g ZWS
F
N = by Equation 2.17
oW,



In addition, Stevens and Simons (1971) define a variable identified as the stability
number for particles on a side slope, 7', by Equation 2.18 to simplify the safety factor

expression:

1n'=M + N cos o Equation 2.18

After making the substitutions from Equation 2.16, Equation 2.17, and Equation 2.18 into
Equation 2.15, the main form of the Stevens and Simons (1971) safety factor equation is

attained:

SF = cos@tan ¢
sin @ cos f+1n'tan ¢

Equation 2.19

where all the variables have been previously defined.

The stability number for particles on a horizontal plane, 77, (i.e., §=90=0), can

be obtained by setting 6 = 0 in Equation 2.18 as presented in Equation 2.20:

n=M+N Equation 2.20

. . . n
Multiplying Equation 2.18 b
plymg kq y M+ N

, which equals 1 by definition of Equation 2.20,

generates Equation 2.21:

M + N coso
= Equation 2.21
T=n M+ N 4

After dividing the numerator and denominator by N and recognizing that

cos 8 =sin(A+ B), Equation 2.22 can be obtained as an expression relating the stability



number for particles on a side slope, 7', to the stability number for particles on a

horizontal plane, 77:

Equation 2.22

Incipient motion corresponds to a safety factor of 1 when the flow is fully
turbulent over a hydraulically-rough horizontal surface (i.e., 8 =0 and J =0). Equation
2.23 can be derived by substituting these appropriate values corresponding to incipient
motion of a particle exposed to flow across a horizontal surface into the safety factor

Equation 2.19:

tan ¢
7 tan ¢

SF=1=

Equation 2.23

Equation 2.23 reduces to identify that 7 =1 for incipient motion of a particle exposed to

flow across a horizontal surface. Also, by recognizing that when the flow is fully
turbulent along the bed, the Shields parameter for incipient motion has a value of 0.047

(Gessler, 1971; Meyer-Peter and Miiller, 1948) as illustrated in Equation 2.24:

T, = W =0.047 Equation 2.24
where
7., = critical Shields parameter;
T, = critical shear stress (lbs/ftz);
Gp = specific weight of Particle P;
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unit weight of water (Ibs/ft’); and

/4

d

N

particle diameter (ft).

which can also be expressed in the form of Equation 2.25:

L =1 Equation 2.25

0.047(G, - 1),

A relationship between 77 and the Shields parameter can be obtained for incipient motion

for particles exposed to flow across a horizontal bed as depicted by Equation 2.26:

n L =1 Equation 2.26

~0.047(G, — 1)

Stevens and Simons (1971) subsequently presumed that for flow conditions other than
incipient motion, 77 can be determined by Equation 2.27, which uses the boundary shear
stress, 7,, to replace the critical shear stress and can also be expressed in the form of a

ratio of the boundary shear stress to the critical shear stress:

TO TO .
= =— Equation 2.27
7 0.047(G, -1)d, 1

c

To obtain an expression for S, Stevens and Simons (1971) assumed that the
moment components of the drag force and submerged weight component, W;sin@,
normal to Cross-section A-A are balanced. Figure 2.6(d) presents a view of the cross-
section normal to Cross-section A-A in which components of the drag force and of the
weight force are present. Equation 2.28 presents the expression for the equal moment

components:
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¢,'F, sinS=1{,"W, sin Osin B Equation 2.28

where /," and /' are the moment arms corresponding to the drag force component and

the weight force component (ft), respectively, within the plane normal to Cross-section
A-A as illustrated in Figure 2.6(d). Stevens and Simons (1971) apply the assumption that

0,'/0,"= 1./l to Equation 2.28. From which, Equation 2.29 can be obtained by
replacing sin d with cos(8+A4) within Equation 2.28 since &+ 8+A=90°, and

dividing both sides of the equation by ¢ ,W :

C5Fp

‘
cos(B+1)= ﬁ—‘ sin @ sin 3 Equation 2.29

2Ws 2
Equation 2.29 can be further reduced by substituting N for the drag force variable
grouping on the left-hand side of the equation (from Equation 2.17) and substituting
tan¢ for ¢, /(, (from Equation 2.14), producing Equation 2.30:

sin @
tan ¢

Ncos(B+1)= sin 8 Equation 2.30

Acknowledging that cos(f+ A)=cos(f)cos(1)—sin(B)sin(4) and substituting within

Equation 2.30 produces Equation 2.31:

cos()cos(A)—sin(B)sin (1) = ]\jltn 0¢ sin 8 Equation 2.31
an

Dividing both sides of Equation 2.31 by sin # and solving for # generates Equation

2.32:



[=tan" {cos(l%( ]\jm 4 +sin (ﬂ,)ﬂ Equation 2.32

tan ¢

Finally, multiplying the bottom left term of the right-hand side of Equation 2.32 by

(M +N)/n, which is equal to 1 by the definition of 77, produces Equation 2.33:

[=tan" {cos(l%(W +sin (ﬂ,)ﬂ Equation 2.33

Stevens and Simons (1971) stated that assuming /,//, =2 and F, /F, =1/2 is
reasonable. Thereby, establishing the relationship M /N =1, which imposes the
assumption that the moments created by the drag force, ¢, F,, and the lift force, /,F,,

are equivalent. With this assumption, Equation 2.22 reduces to Equation 2.34:

Equation 2.34

. [1+sin§l+,6)}

and Equation 2.33 to Equation 2.35:

[ =tan" {cos(l%( 2sin 0 +sin (ﬂ,)ﬂ Equation 2.35

ntang@

For calculation of safety factors of particles on the channel bed, where the bed-
slope angle is &, the downstream direction is equivalent to the oblique flow on a side
slope with @ =« and 4 =90°. Substituting these values into Equation 2.35 produces a
value of 0° for #. Accordingly, Equation 2.34 reduces to Equation 2.36, and Equation

2.19 reduces to Equation 2.37:
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- [1 * Sm(920 0 )j —7 Equation 2.36
SF = M Equation 2.37
sin & + 1) tan ¢

In summary, Stevens and Simons (1971) present a method for determining a
safety factor for riprap stability by consecutively solving Equation 2.27, Equation 2.35,
Equation 2.34, and Equation 2.19. Table 2.3 summarizes the Stevens and Simons (1971)
safety factor equations and computation order. The Stevens and Simons (1971) method
was derived from a moment stability analysis and requires values for bed slope, side

slope, design shear stress, and particle diameter.

Table 2.3: Safety Factor Calculation Method According to Stevens and Simons

1971)
Order of Equation
Calculation Equation Number
TO .
1 n= P Equation 2.27

2 S =tan™ {cos(/l)/[ 25in 0 + sin(ﬂ)ﬂ Equation 2.35

ntang

1+sin(A+
3 n'= ﬂ[w} Equation 2.34
ot
4 sF = cosotang Equation 2.19

~ sin @cos f+1n'tang
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2.2.2 CLOPPER (1991)

Clopper (1991) presented a method to calculate safety factors for individual
rectangular armor units. This method was based on the Stevens and Simons (1971)
safety factor method with modifications to account for particle geometry. The derivation
for the safety factor calculation method given by Clopper (1991) is presented in this
section.

Figure 2.7(a) illustrates the forces acting on a rectangular armor unit resting on a
channel side slope, which are visible within a channel cross-section view. The angle 8 is

the side-slope angle and Wy is the submerged weight of the block as defined by the block

weight minus the buoyancy force. When accounting only for the side slope and assuming
the bed slope is horizontal, the weight force component parallel to the side slope is
W, sin @ and the weight force component normal to the side-slope plane is W cos @ as
depicted in Figure 2.7(a).

Figure 2.7(b) illustrates the forces acting on the block including hydrodynamic
forces that are visible from a view normal to the side-slope plane. These forces include

the drag force, F,, and a component of the submerged weight force, W, . The drag force

acts in the direction of the streamline velocity vector, which deviates from horizontal at
an angle A.

Clopper (1991) identified that motion initiates along the vector R, which is
located at an angle £ from a vertical line projected on the side-slope plane. This direction
is illustrated in Figure 2.7(b) as the combined drag force and weight force vectors within
the side-slope plane. Figure 2.7(c) presents the forces acting within a Cross-section A-A,

which is taken along vector R. These forces include: the weight force acting in the



normal direction into the side-slope plane, W, cos@; the lift force acting in the normal
direction out of the side-slope plane, F, ; the component of the drag force along Cross-
section A-A, F,cosd; and the weight force component along Cross-section A-A

parallel to the side-slope plane, W, sin #cos 3.
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Top of Bank Channel Bed

\

_____________________ Top of Bank

A = Channel Bed Slope

Horizontal

(b) View Normal to Side Slope

F,coso
Wgsinfcosff /3

W cos@
A gl
(c) Section A-A’
F,sind
@ W; sin @sin S

(d) View Normal to Section A-A’

Figure 2.7: Force Diagrams (adapted from Clopper (1991))
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where
A-A’ = cross section along block rotation path
drag force (1bs)
lift force (Ibs)
= moment arm for submerged weight force component parallel to the side-slope plane
(fo
= moment arm for submerged weight force component normal to the side-slope plane
(fo

= moment arm for the drag force component along the path of motion (ft)

Ck
I

moment arm for the lift force (ft)

= point of rotation

= vector located along the direction of block rotation

block submerged weight (1bs)

block rotation angle measured in the side-slope plane (radians)

angle between drag force and the particle rotation path measured in the side-slope
plane (radians)

6 = side-slope angle (radians)

A = channel-bed angle (radians)

>JOJ:\ S NN
Il

Figure 2.7 (continued): Force Diagrams (adapted from Clopper (1991))

A moment stability analysis was used to obtain an expression for the safety factor
where the safety factor was defined as the ratio of resisting moments to overturning
moments. Equation 2.38 presents the safety factor equation for moment stability about

Point O within Cross-section A-A:

oF :€1WS sin Gcoizﬁv‘iiﬁcj;fcosé#mﬂ Equation 2.38
where
¢, = moment arm for submerged weight force component parallel to the side-
slope plane (ft);
¢, = moment arm for submerged weight force component normal to the side-
slope plane (ft);



¢, = moment arm for the drag force component along the path of motion (ft);
and
¢, = moment arm for the lift force (ft).

Dividing Equation 2.38 by ¢ , W, produces Equation 2.39:

(¢,/¢,)cos@
0,F), cos5+€4FL
(W (W

SF = Equation 2.39

sin @ cos B+

where all the variables have been previously defined. Subsequently, Clopper (1991)

defined the stability number on a channel side slope, 7' , by Equation 2.40:

1

_ULF, cos5+€4FL

Equation 2.40
0,W ,W

Equation 2.40 is substituted into Equation 2.39 to obtain the primary form of the safety

factor equation presented in Clopper (1991):

o = (¢,/¢,)cos@
sin @cos B+ (0, /¢,

Equation 2.41

where all the variables have been previously defined.

The stability number for particles on a horizontal plane, 7, can be obtained by

setting & =0 in Equation 2.40 as presented by Equation 2.42:

Equation 2.42

Equation 2.43 can be obtained by dividing Equation 2.40 by Equation 2.42:
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V. F F
' /WD cos5+§4WL
72 25 Equation 2.43
n l5F), +£4FL
W, LW,

For simplification, Clopper (1991) expresses the variable groupings associated with the
lift force and the drag force as single variables M and N, respectively. Equation 2.44
and Equation 2.45 identify the single variables M and N , which represent the lift force

and drag force variable groupings:

M= b, Equation 2.44
oW,
F
N = by Equation 2.45
'g ZWS

Equation 2.43 is modified to include the variables M and N as presented in Equation

2.46:
/- Neoso+M Equation 2.46
n N+M
Solving Equation 2.46 for 7' produces Equation 2.47:
n'=n M+Ncoso Equation 2.47
M +N '

After dividing the numerator and denominator of the right-hand side of Equation 2.47 by
N and recognizing that cosd =sin(A+ ), Equation 2.48 is obtained as an expression

relating 7' to the stability number 77:
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Equation 2.48

Incipient motion corresponds to a safety factor of 1 when the flow is fully
turbulent over a hydraulically-rough horizontal surface (i.e., § =0 and J =0). Equation
2.49 is obtained by substituting these appropriate values corresponding to incipient
motion of a block exposed to flow across a horizontal surface into the safety factor

Equation 2.41:

Equation 2.49

Equation 2.49 reduces to identify that 77 =1 for incipient motion of a block exposed to

flow across a horizontal surface. When flow is fully turbulent along the bed, the Shields
parameter for incipient motion has a value of 0.047 (Gessler, 1971; Meyer-Peter and

Miiller, 1948) as illustrated in Equation 2.50:

T, = m =0.047 Equation 2.50
where
7., = critical Shields parameter;
T, = critical shear stress (lbs/ftz);
Gp = specific weight of Particle P;
y = unit weight of water (Ibs/ft’); and
d, = nparticle diameter (ft).

which can also be expressed in the form of Equation 2.51:
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L -1 Equation 2.51

0.047(G, —1)d,

A relationship between 77 and the Shields parameter can be formed for incipient motion

for a block exposed to flow across a horizontal bed as depicted by Equation 2.52:

n L -1 Equation 2.52

~0.047(G, — 1)

Clopper (1991) maintained the same assumption as Stevens and Simons (1971) that for
flow conditions other than incipient motion, 7 can be determined by Equation 2.53
which uses the boundary shear stress, 7, to replace the critical shear stress and can also

be expressed in the form of a ratio of the boundary shear stress to the critical shear stress:

= 2 =20 Equation 2.53
0.047(G, —1)yd,

N c

n

To obtain an expression for f, Clopper (1991) assumed that the moment

components of the drag force and submerged weight component, W sin @, normal to

Cross-section A-A are balanced. Figure 2.7(d) presents a view of the cross-section
normal to Cross-section A-A in which components of the drag force and of the weight
force are present. Equation 2.54 presents the expression for these equal moment

components:

(,F,sino =10 Wsin@sin S Equation 2.54

where /7, and 7, are the moment arms corresponding to the drag force component and

the weight force component (ft), respectively, within the plane normal to Cross-section



A-A. Equation 2.55 is developed by replacing sin § with cos(8+ 1) within Equation

2.54 since 0+ 4+ 4 =90°, and dividing both sides of the equation by ¢, W :

C3Fp

l
cos(B+1)= E_l sin @sin 3 Equation 2.55

PAMN 2

Equation 2.55 is further reduced by substituting N for the drag force variable grouping

on the left-hand side of the equation (from Equation 2.45), producing Equation 2.56:

l
Ncos(B+1)= g_l sin @sin 3 Equation 2.56

2
Acknowledging that cos(f+4)=cos(f)cos(1)—sin(B)sin(4) and substituting within
Equation 2.56 produces Equation 2.57:

_ ,sin@sin f

cos()cos(1)—sin(B)sin (1) TN

Equation 2.57

Dividing both sides of Equation 2.57 by sin # and solving for £ generates Equation

2.58:

B =tan” {cos(l)/[ﬁ 1;“;, 9 tsin (A)ﬂ Equation 2.58

2

Finally, multiplying the bottom left term of the right-hand side of Equation 2.58 by
(M /N+1)N /5, which is equal to 1 by the definition of 77, produces Equation 2.59

which is the final expression for £ given in Clopper (1991):

[ =tan {cos(l/{g (] IZ ;1) sin 6 +sin (l)ﬂ Equation 2.59
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Clopper (1991) stated that because it is difficult to determine the lift force, it
should be assumed to have the same value as the drag force, which is a conservative
estimate. With this assumption, the ratio of M and N rely solely on the corresponding
moment arms as demonstrated by Equation 2.60:

0,F, W,

M/N =
£2 €3

=0,/1, Equation 2.60

=
>

This assumption varies from the assumption made by Stevens and Simons (1971) that the
moments created by the lift and drag forces are equal.

Included in the Clopper (1991) safety factor formula are terms that account for
additional forces which occur when blocks are not perfectly installed. Under these
imperfect conditions, additional lift and drag forces, F,' and F)', respectively, are
incurred from the impact of flow against the projecting face. Equation 2.61 displays the

formula for the additional lift and drag forces:

F,'=F,'=0.5p(Az)wV’ Equation 2.61

where

p = density of water (slugs/ft’);

Az = height of the projecting surface normal to the direction of flow (ft);

w = width of the projecting surface normal to the direction of flow (ft); and

V= flow velocity (ft/s).
Equation 2.61 is derived from the drag force equation displayed in Equation 2.62
assuming the drag force coefficient, C,, has a value of 0.5 and the lift force is equal to

the drag force:
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F,'= pC AV Equation 2.62

where A, is the area of the particle normal to the direction of flow. Using a value of 0.5

for the drag force coefficient is a conservative method which assumes no energy losses
between the upstream approach velocity and the face of the projecting block. Adding
these forces to the safety factor equation produces Equation 2.63, which is the safety

factor formula for projecting blocks given by Clopper (1991):

(0,70,)cos@

sin@cos,B+(€2/€1)7]'+€3FD sin(4+ B)+
El N gl N

SF =

IF Equation 2.63

In summary, Clopper (1991) presented a method for determining a safety factor
by consecutively solving Equation 2.60, Equation 2.53, Equation 2.59, Equation 2.48,
Equation 2.61, and Equation 2.63. Table 2.4 summarizes the Clopper (1991) safety
factor equations and computation order. Values for bed slope, side slope, block
geometry, block weight, specific gravity of block material, design velocity, design shear

stress, and critical shear stress are required to use the Clopper (1991) method.



Table 2.4: Safety Factor Calculation Method According to Clopper (1991)

Order of Equation
Calculation Equation Number
1 M|N=1¢,/t, Equation 2.60
7, :
2 n=— Equation 2.53
TC
3 ,3=tan_l{cos(l/(gl(M/ZZ—H)Sm 0+Sin(/1)J} Equation 2.59
277
4 7= (M /N)+sin(A+B) Equation 2.48
1+(M/N)
5 F,'=F,'=05p(Az)wV? Equation 2.61

(0,70,)cos@
sin @cos B+ (¢, /gl)ﬂv+i3gfsm(l+ﬁ)+ §3FL Equation 2.63

1S s

SF =

2.2.3 JULIEN (1998)

A method to determine safety factors for cohesionless particles on channel side
slopes is given in Julien (1998). This method was based on the Stevens and Simons
(1971) method; however, it accounts for bed slope within the submerged weight force
distribution. A moment stability analysis is at the origin of the derivation, and with some
assumptions and simplifications, a practical safety factor method was derived. The Julien
(1998) method, like Stevens and Simons (1971), incorporated the element of a
normalized Shields parameter to quantify incipient motion on a side slope. This section

presents the derivation for the Julien (1998) safety factor method.
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Figure 2.8(a) illustrates the forces acting on a cohesionless Particle, P, resting on a

channel side slope which are visible within a channel cross-section view, where 6, is the
side-slope angle; F is the submerged weight of the particle; and a, is geometrically

defined by Equation 2.64 (Julien, 1998):

a, =+/cos> 6, —sin” 6, Equation 2.64

where 6, is the bed-slope angle. A complete derivation of Equation 2.64 is presented

following the introduction of all the force components.

A
Top of Bank . L6
v fa ﬂt Horizontal
F sin 6, u F; sin 6,
W .
Fga, 6, Bed e Fsin 6,

(c) Section A-A (d) Section Normal to Section A-A

Figure 2.8: Force Diagrams (adapted from Julien (1998))
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where

[}

IS

O & &~ ~
(98]

article P

™ T U

)

coefficient of the weight force acting in the direction normal to the side-slope
plane

cross section along particle rotation path

drag force (1bs)

lift force (Ibs)

particle submerged weight (Ibs)

moment arm for submerged weight force component parallel to the side-slope
plane (ft)

moment arm for submerged weight force component normal to the side-slope
plane (ft)

moment arm for the drag force component along the path of motion (ft)

moment arm for the lift force (ft)

point of rotation

cohesionless particle resting on a channel side slope

streamline velocity vector

particle rotation angle measured in the side-slope plane (radians)

angle between the drag force and the particle rotation path measured in the side-
slope plane (radians)

resulting angle of the combined weight force components acting in the side-slope
plane measured from a vertical line projected onto the side-slope plane (radians)
bed-slope angle (radians)

side-slope angle (radians)

angle between horizontal and the streamline velocity vector measured in the side-
slope plane (radians)

forces, which are visible from a view normal to the side-slope plane.

Figure 2.8 (continued): Force Diagrams (adapted from Julien (1998))

Figure 2.8(b) illustrates the forces acting on Particle P including hydrodynamic

These forces

include the drag force, Fp, and components of the submerged weight, Fg. Additionally

represented in Figure 2.8(b) is the streamline velocity vector, u, which deviates from the

horizontal at an angle 4. Two weight force components are acting in this plane, F; sin 6,

and F sin 8,, where the combination of these weight forces produces a single weight

force component within the side-slope plane, which acts at an angle 6 from a vertical

line projected on the side-slope plane as illustrated in Figure 2.8(b). This angle @ is

geometrically defined by Equation 2.65:
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F, sin 8 in 6
6 =tan"' & =tan ' Sm—o Equation 2.65
Fg sin 6, sin 6,

The expression for the coefficient of the weight force acting in the direction

normal to the side-slope plane, a,, (Equation 2.64) as illustrated in Figure 2.8(b), is
derived using the two weight force components acting in the side-slope plane, F| sin 6,
and Fgsin g;. Each of the weight force components in the three orthogonal axes must

collectively produce the single weight force component which acts solely in the vertical

direction. This concept is represented mathematically by Equation 2.66:

F, \/ sin §,)* + (F, sin 6,)* + (Fa,)’ Equation 2.66

F; can be removed from both sides of Equation 2.66 as presented in Equation 2.67:

1= sin’ 6, +sin’ 6, +a,’ Equation 2.67

Solving Equation 2.67 for a, produces Equation 2.68:

= \/ 1-sin” g, —sin’ 6, Equation 2.68

After substituting the trigonometric identity cos’@, =1-—sin§,, into Equation 2.68,
Equation 2.69 is obtained as an expression for the coefficient of the weight force acting in

the direction normal to the side-slope plane, a,, :

= Jcos® 6, —sin> 6, Equation 2.69
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When motion occurs, the particle follows a path at an angle # from a vertical line
projected on the side-slope plane. This direction is illustrated in Figure 2.8(b) as the

combined force vectors within the side-slope plane: F,, F;sin@,, and F| sin §,. Figure
2.8(c) presents the forces acting within Cross-section A-A which is taken along the
particle movement path. These forces include: the weight force acting in the normal
direction into the side-slope plane, Fya,; the lift force acting in the normal direction out
of the side-slope plane, F,; the component of the drag force along Cross-section A-A,

F, cosd; and the weight force component along Cross-section A-A parallel to the side-

slope plane, Fg4/1— ag2 cos . The weight force along Cross-section A-A parallel to the

side-slope plane is attained by adding the two weight force vectors within the side-slope

plane, Fsin 6, and F; sin 6, as illustrated by Equation 2.70:

2

Fyyfsin 6, +sin’ 6, = Fg/1-a, Equation 2.70

where a, was defined in Equation 2.64.

A moment stability analysis was used to obtain an expression for the safety factor
where the safety factor was defined as the ratio of resisting moments to overturning
moments. Equation 2.71 presents the safety factor equation for moment stability about

Point O within Cross-section A-A:

0 F
SF, = 2l's % Equation 2.71

(,F\1-a,’ cos B+ (,F,cosd+ ! F,




where

¢, = moment arm for submerged weight force component parallel to the side-
slope plane (ft);

¢, = moment arm for submerged weight force component normal to the side-
slope plane (ft);

¢, = moment arm for the drag force component along the path of motion (ft);
and

¢, = moment arm for the lift force (ft).

Dividing Equation 2.71 by ¢, F produces Equation 2.72:

— (£2/£1)a9 .
SF, = = 7.F,c0s8 1.F, Equation 2.72
J1—a, cosf+ +
EIFS EIFS

where all the variables have been previously defined.
According to Julien (1998), the safety factor equals unity when the angle @

equals the angle of repose, ¢, under static fluid conditions, i.e., F, =F, = =0, from
which tan¢g=/,//¢, can be derived. Equation 2.73 can be obtained by substituting

tang =/, /¢, into Equation 2.72:

SF, = a, tang Equation 2.73

J1—-a,’ cos B+ tang @cosé#@
(,F, 0,F,

2° S

For simplification, Julien (1998) expressed the variable groupings associated with the lift

force and the drag force as single variables M and N, respectively. Equation 2.74 and



Equation 2.75 identify the single variables M and N which represent the lift force and

drag force variable groupings:

F

M = i Equation 2.74
'€2FS
l.F

N = £3FD Equation 2.75
258

In addition, Julien (1998) defined a variable identified as the stability number for

particles on a side slope, 77,, by Equation 2.76 to simplify the safety factor expression:

n = M + N cosd Equation 2.76

After making substitutions from Equation 2.76, Equation 2.75, and Equation 2.74 into
Equation 2.73, the primary form of the Julien (1998) safety factor equation is attained as

presented in Equation 2.77:

_ a,tang
\/l—agz cos f+m, tang

SF, Equation 2.77

where all the variables have been previously defined.
The stability number for particles on a horizontal plane can be developed by

setting & =0 in Equation 2.76 as presented in Equation 2.78:

n,=M+N Equation 2.78

where 77, is the stability number for particles on a horizontal plane. Multiplying the

right-hand side of Equation 2.76 by M’]o v
+

, which equals 1, generates Equation 2.79:

)
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M +Ncoso
=n, ——M Equation 2.79
U yan N 4

After dividing the numerator and denominator on the right-hand side of Equation 2.79 by
N and recognizing that cosd =sin(A1+ S+6), Equation 2.80 can be obtained as an
expression relating the stability number for particles on a side slope, 77,, to the stability

number for particles on a horizontal plane, 77,:

Equation 2.80

| (M /N)+sin(A+B+86)
g _’7{ 1+(M /N) }

Incipient motion corresponds to a safety factor of 1 when the flow is fully
turbulent over a hydraulically-rough horizontal surface (i.e., 6, =0, 6, =0, 6 =0, and
a, =1). Equation 2.81 can be obtained by substituting these appropriate values

corresponding to incipient motion of a particle exposed to flow across a horizontal

surface into the safety factor equation (Equation 2.77):

tan ¢

Equation 2.81
1, tan ¢

SF,=1=

Equation 2.81 reduces to identify that 77, =1 for incipient motion of a particle exposed to

flow across a horizontal surface. When flow is fully turbulent along the bed, the Shields
parameter for incipient motion has a value of 0.047 (Gessler, 1971; Meyer-Peter and

Miiller, 1948) as illustrated in Equation 2.82:

T, = —”1 =0.047 Equation 2.82



where

7,.. = critical Shields parameter;
7. = critical shear stress (Ibs/ft);
G, = specific weight of Particle P;

y = unit weight of water (Ibs/ft’); and

QL
Il

particle diameter (ft).

This can also be expressed in the form of Equation 2.83:

L =1 Equation 2.83

0.047(G, —1)d,

A relationship between 77, and the Shields parameter can be obtained for incipient

motion for particles exposed to flow across a horizontal bed as depicted by Equation

2.84:

7, iz =1 Equation 2.84

~0.047(G, — 1)

Julien (1998) subsequently presumed that for flow conditions other than incipient motion,
n, can be determined by Equation 2.85 which uses the boundary shear stress, 7,, to

replace the critical shear stress and can also be expressed in the form of a ratio of the

boundary shear stress to the critical shear stress:

= % =20 Equation 2.85
0.047(G, - 1), =

N c

Mo



Julien (1998) presented alternative methods for calculating 7,, which come from

replacing the boundary shear stress with the reference velocity, the velocity against the
particle, or the average flow velocity.

To obtain an expression for S, Julien (1998) assumed that the moment

components of the drag force and submerged weight component, F4/1— ag2 , hormal to

Cross-section A-A are balanced. Figure 2.8(d) presents a view of the cross-section
normal to Cross-section A-A in which components of the drag force and of the weight
force are present. Equation 2.86 presents the expression for these equal moment

components:

(,Fysin 8=/ ,Fs\l-a,” sin Equation 2.86

Equation 2.87 is developed by replacing sin § with cos(B+ A+ 8) in Equation 2.86 since

0+ [+ A+6=90°, and dividing both sides of the equation by 7, F :

(,F ‘
j—FDCOS(,B+l+0)=£—H/1—a92 sin 8 Equation 2.87

25 S 2
Equation 2.87 can be further reduced by substituting N for the drag force variable
grouping on the left-hand side of the equation and substituting tan¢ for ¢, /7,

producing Equation 2.88:

a
Ncos(B+A+0)=~—"—sin B Equation 2.88
tan ¢

N
()



Acknowledging  that cos(B+ A+ 0)=cos(B)cos(A + 8)—sin(B)sin(1 + 6) and

substituting within Equation 2.88 produces Equation 2.89:

cos(,B)cos(l+0)—sin(,6)sin(l+0):—“1_% sin f/  Equation 2.89

N tan ¢

Dividing both sides of Equation 2.89 by sin £ and solving for # provides Equation 2.90:

1+0)/ | V7% in(a0)

Equation 2.90
N tan ¢

=tan'| cos
B

Finally, multiplying the bottom left term of the right-hand side of Equation 2.90 by

(M+N)/ n,, which is equal to 1 by the definition of 7,, produces Equation 2.91 which

is the expression given for £ in Julien (1998):

(1+0) (M +NWl1-a,’

+sin(4+6) Equation 2.91
Nn, tan ¢

=tan '| cos
B

Julien (1998) stated that the stability factor is not very sensitive to the ratio
M / N and suggests using a value of 1 (i.e., M = N), which thereby reduces Equation

2.80 to Equation 2.92:

n.=n, [H = (l tht 9)} Equation 2.92

2

and Equation 2.91 to Equation 2.93:



21-a,’
B =tan"'| cos(1+6) ta; +sin(1+6) Equation 2.93
1, tan

This simplification implies that the moments created by the lift force, ¢, F, , and the drag
force, ¢, F,, are equivalent.

In summary, by using the Julien (1998) method, a safety factor can be attained by
calculating consecutively Equation 2.64, Equation 2.65, Equation 2.85, Equation 2.93,
Equation 2.92, and Equation 2.77. Table 2.5 summarizes the Julien (1998) safety factor
equations and computation order. Values for bed slope, side slope, design shear stress,

and critical shear stress are required to use the Julien (1998) method.

Table 2.5: Safety Factor Calculation Method According to Julien (1998)

Order of Equation
Calculation Equation Number
1 a, = \/cosz 6, —sin’ 6, Equation 2.64
_[ siné,
2 f=tan"'| —2 Equation 2.65
sin 6,
TO TO .
3 1, =— Equation 2.85

" 0047(G, —1)d.

| 2
B =tan™| cos(1+ 0/{21_% +sin(A+ 0)} Equation 2.93

4
7, tan ¢
1+sin(A+ B +6) ,
5 m=m > Equation 2.92
a,tan @
6 Sk . Equation 2.77

\/l—agz cos S+, tan¢g




2.2.4 JULIEN AND ANTHONY (2002)

Julien and Anthony (2002) presented a similar moment stability analysis as Julien
(1998); however, they provided more complex expressions for the weight force
distribution coefficient, a,, and the angle 8. These variables are illustrated in Figure
2.9(a) and Figure 2.9(b). According to Julien and Anthony (2002), the non-simplified

form of the weight force components Fsin @, and F;sin @, (Figure 2.8) from Julien
(1998) are Fcosf,sin @, and Fcos@, sin g, respectively. The combination of these

weight forces produces a single weight force component within the side-slope plane
which acts at an angle @ from a vertical line projected on the side-slope plane as

illustrated in Figure 2.9(b). This angle @ is geometrically defined by Equation 2.94:

6 =tan"' FSLM =tan’ m Equation 2.94
Fgcos@,sin 6, cos g, sin G,

Furthermore, it can be determined that the fraction of the submerged weight normal to the

side slope, a,, is related to the bed slope and side slope by Equation 2.95:

a, =+1—-cos’ 6, sin> 6, —cos’ 6, sin> 6, Equation 2.95

This expression can be derived using the two weight force components acting in side-
slope plane, Fsin@, cosé, and F sin g, cosé,. Each of the weight force components in
the three orthogonal axes must collectively produce the single weight force component
which acts solely in the vertical direction. This concept is represented mathematically by

Equation 2.96:



Fy =(Fy cos6, sin 6, +(F; cos 6, sin 6, +(Fya,)’ Equation 2.96

F; can be removed from both sides of Equation 2.96 as presented in Equation 2.97:

1=4+/cos® 8, sin* O +cos’G,sin’ 6, +a,’ Equation 2.97
0 1 1 0 0

By solving Equation 2.97 for a,, Equation 2.98 is obtained as the expression for the

coefficient of the weight force acting in the direction normal to the side-slope plane:

a, =+/1—-cos’ 6, sin> 6, — cos’ 6, sin> 6, Equation 2.98

According to Julien and Anthony (2002), if the side-slope angle and the bed-slope angle

are small (less than 20°), then a, can be approximated by Equation 2.99:

a, =/cos’ 6, —sin’ 6, Equation 2.99

and @ can be approximated by Equation 2.100:

6 =tan"" (Mj Equation 2.100

sin 6,

These are the expressions for a, and @ which are used in the Julien (1998) method.
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Top of Bank _ Downstream
Y Y
F sin 6, "
Fsa, 6, Bed %»({6'5
Fy
(a) Side-slope Gradient (b) View Normal to Side Slope

(c) Section A-A (d) Section Normal to Section A-A
where
ay = coefficient of the weight force acting in the direction normal to the side-slope plane
A-A = cross section along particle rotation path
F, = drag force (Ibs)
Fy = lift force (Ibs)
Fg = particle submerged weight (Ibs)
gl = moment arm for submerged weight force component parallel to the side-slope plane
(fo
Y ) = moment arm for submerged weight force component normal to the side-slope plane
(fo
l, = moment arm for the drag force component along the path of motion (ft)
g4 = moment arm for the lift force (ft)
(@) = point of rotation
Particle P = cohesionless particle resting on a channel side slope
u = streamline velocity vector
p = particle rotation angle measured in the side-slope plane (radians)
0 = angle between the drag force and the particle rotation path measured in the side-
slope plane (radians)
6 = resulting angle of the combined weight force components acting in the side-slope
plane measured from a vertical line projected onto the side-slope plane (radians)
) = bed-slope angle (radians)
0, side-slope angle (radians)
A = angle between horizontal and the streamline velocity vector measured in the side-
slope plane (radians)
Figure 2.9: Force Diagrams (adapted from Julien and Anthony (2002))
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Following the derivation for the Julien (1998) method presented in Section 2.2.3,

the safety factor equation can be obtained as presented in Equation 2.101:

_ a,tan¢
\/l—agz cos f+m, tang

SF, Equation 2.101

where the stability number for particles on a side slope, 77,, can be calculated from

Equation 2.102:

m= {(M /N)+sin(A+ S+ 9)} Equation 2.102

1+(M /N)

The angle in the direction of particle movement, £, can be computed by Equation 2.103:

M +NWl1-a,’
(1+6) ( NI-a, +sin(A1+6) || Equation 2.103
Nn, tan ¢

[ =tan"'| cos

The stability number for particles on a horizontal surface, 7,, can be calculated by

Equation 2.104:

- % 7 Equation 2.104
0.047(G, - 1), =

N c

Mo

and the variables M and N are defined by Equation 2.105 and Equation 2.106,

respectively:

Equation 2.105
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Equation 2.106

Analogous to the Julien (1998) derivation, the Julien and Anthony (2002) derivation used

the concept that tang =/, /¢,. Additionally, the derivation utilized the assumption that
the stability number, 77,, for flow conditions other than incipient motion is linearly

related to the boundary shear stress. A safety factor can be attained using the Julien and
Anthony method by calculating consecutively Equation 2.95, Equation 2.94, Equation
2.104, Equation 2.103, Equation 2.102, and Equation 2.101. Table 2.6 summarizes the
Julien and Anthony (2002) safety factor equations and computation order. Values for bed
slope, side slope, design shear stress, and critical shear stress are required to use the

Julien and Anthony (2002) method.



Table 2.6: Safety Factor Calculation Method According to Julien and Anthony

(2002)
Order of Equation
Calculation Equation Number
1 a,= \/1 —cos’ @, sin” @, —cos” 6, sin” 6, Equation 2.95
4| cosé,sin6,
2 f=tan'| ——2 Equation 2.94
cosé, sin 6,
7, 7,

3 1, =— Equation 2.104

" 0047(G, —1)d.

N c

(1+6) (M +N) : 1-a,’ +sin(A+06)

4 [ =tan"'| cos Equation 2.103
Nmn, tan ¢
(M /N)+sin(1+B+6)
5 = Equation 2.102
g 77{ 1+(M /N) e
a,tan @

6 SFO

= Equation 2.101
\/l—agz cos S+, tan¢g

2.2.5 NATIONAL CONCRETE MASONRY ASSOCIATION (2006)

The NCMA (2006) presented a similar method to determine safety factors for
individual blocks within a system. This method combined components of both the Julien
and Anthony (2002) and the Julien (1998) safety factor methods with modifications to
account for block geometry. The derivation for the safety factor calculation method
provided in NCMA (2006) is presented in this section.

Figure 2.10(a) illustrates the forces acting on a block resting on a channel side

slope which are visible within a channel cross-section view. The angle 8, is the side-
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slope angle and F; is the submerged weight of the particle as defined by the block

weight minus the buoyancy force. The variable a, is geometrically defined by Equation

2.107 (Julien, 1998):

a, = \/ cos’ @, —sin” 6, Equation 2.107

where 6, is the bed-slope angle. A complete derivation of Equation 2.107 is presented in

Section 2.2.3.
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Top of Bank F, 6, Channel Bed

(c) Section A-A’

ﬁl@

(d) View Normal to Section A-A’

F,sinod

Fy\1-a,’ sin B

Figure 2.10: Force Diagrams (adapted from NCMA (2006))
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where
ay = coefficient of the weight force acting in the direction normal to the side-slope plane
= cross section along particle rotation path
drag force (1bs)
lift force (Ibs)
block submerged weight (1bs)
= moment arm for submerged weight force component parallel to the side-slope plane (ft)

ammy
>,
{1 | I | I

= moment arm for submerged weight force component normal to the side-slope plane (ft)

8]

moment arm for the drag force component along the path of motion (ft)

W

moment arm for the lift force (ft)

point of rotation

streamline velocity vector

angle of block rotation measured in the side-slope plane (radians)

angle between the drag force and the block rotation path measured in the side-slope
plane (radians)

resulting angle of the combined weight force components acting in the side-slope plane
measured from a vertical line projected onto the side-slope plane (radians)

) = bed-slope angle (radians)

0, side-slope angle (radians)

/T O & S
o~
I}

)
Il

Figure 2.10 (continued): Force Diagrams (adapted from NCMA (2006))

Figure 2.10(b) illustrates the forces acting on the block, including hydrodynamic
forces, which are visible from a view normal to the side-slope plane. These forces

include the drag force, F;,, and components of the submerged weight, F;. Additionally

represented in Figure 2.10(b) is the streamline velocity vector, u, which deviates from

horizontal at an angle 6,. Two weight force components are acting in this plane where

the combination of these weight forces produces a single weight force component within
the side-slope plane that acts at an angle @ from a vertical line projected on the side-

slope plane as illustrated in Figure 2.10(b). Julien (1998) defined the forces as F; sin 6,
and F sin 8, as displayed in Figure 2.10(b) whereas Julien and Anthony (2002) defined
the forces as Fsin@ cosd, and F,sing,cosd . The method presented by NCMA

(2006) used the Julien (1998) definition to calculate the value of a, and the Julien and
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Anthony definition to compute the angle €. Equation 2.108 presents the expression

relating the angle @ to the side-slope angle, 8,, and the bed-slope angle, 6, :

6 = tan™ (MJ Equation 2.108
sin @, cos 6,

When motion occurs, the block follows a path at an angle £ from a vertical line
projected on the side-slope plane. This direction is illustrated in Figure 2.10(b) as the

combined force vectors within the side-slope plane: F,, F;sin,, and F; sin §,. Figure

2.10(c) presents the forces acting within a Cross-section A-A which is taken along the
block movement path. These forces include: the weight force acting in the normal

direction into the side-slope plane, F.a,; the lift force acting in the normal direction out
of the side-slope plane, F,; the component of the drag force along Cross-section A-A,

F, cosd; and the weight force component along Cross-section A-A parallel to the side-

slope plane, Fgq/1— ag2 cos 5. The weight force along Cross-section A-A parallel to the

side-slope plane is attained by adding the two weight force vectors within the side-slope

plane, Fsin 6, and F sin 6, as illustrated by Equation 2.109:

Fyyfsin® 6, +sin’ 6, = Fy/1-a,’ Equation 2.109

where a, was defined in Equation 2.107.

A moment stability analysis is used to obtain an expression for the safety factor
where the safety factor is defined as the ratio of resisting moments to overturning
moments. Equation 2.110 presents the safety factor equation for moment stability about

a block within Cross-section A-A:
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0,F
SF, = 2759 Equation 2.110

(,F\J1—a,’ cos B+ (,F,cosd+( F,

where

¢, = moment arm for submerged weight force component parallel to the side-
slope plane (ft);

¢, = moment arm for submerged weight force component normal to the side-
slope plane (ft);

¢, = moment arm for the drag force component along the path of motion (ft);
and

¢, = moment arm for the lift force (ft).

Dividing Equation 2.110 by ¢, F produces Equation 2.111:

SF, = (t,/0,)a, Equation 2.111
2 (,F,cos0 [ ,F,
y1—a, cosf+ o F +£F
=S =S

where all the variables have been previously defined. For simplification, the variable
groupings associated with the lift force and the drag force are expressed as single
variables M and N, respectively. Equation 2.112 and Equation 2.113 identify the
single variables M and N which represent the lift force and drag force variable
groupings, respectively:

(,F
0, F

~

Equation 2.112
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€3FD
0o F

N =

Equation 2.113

In addition, the variable identified by Julien (1998) as the stability number for particles
on a side slope, 7,, is utilized to simplify the safety factor expression. 77, is defined in

relation to the variable groupings M and N by Equation 2.114:

n, =M +Ncosd Equation 2.114

After making the substitutions from Equation 2.114, Equation 2.113, and Equation 2.112
into Equation 2.111, the primary form of the NCMA (2006) safety factor equation is

obtained as presented in Equation 2.115:

(£2/£1)a19

SF, =
0 \/l—agz cosB+(0,1¢,)n,

Equation 2.115

where all the variables have been previously defined.

The stability number for blocks on a horizontal plane, 77,, can be obtained by

setting & =0 in Equation 2.114 as presented in Equation 2.116:
ny=M+N Equation 2.116

C ) Un
Multiplying Equation 2.116 b
plymg kq y Mt N

, which equals 1, produces Equation 2.117:

M +Ncoso
=n, — Equation 2.117
n=1 MAN q

After dividing the numerator and denominator of the right-hand side of Equation 2.117

by N and recognizing that cos o = sin ((90 + +6), Equation 2.118 can be obtained as an

69



expression relating the stability number for particles on a side slope, 77,, to the stability

number 77,:

= {(M /N)+sin(6,+ -+ ‘9)} Equation 2.118

1+(M /N)

As described in Section 2.2.1, the stability number for a discrete particle on a side-slope

plane, 77,, can be related to the boundary shear stress by Equation 2.119:

7, = 1—0 Equation 2.119

c

To obtain an expression for f, NCMA (2006) made the same assumption as Julien

(1998) and Stevens and Simons (1971) that the moment components of the drag force and

submerged weight component, Fj4/1 —ag2 , normal to Cross-section A-A are balanced.

Figure 2.10(d) presents a view of the cross-section normal to Cross-section
A-A in which components of the drag force and of the weight force are present. Equation

2.120 presents the expression for these equal moment components:

(,F,sind=1{ Fsl-a, sinf Equation 2.120

Equation 2.121 can be obtained by replacing sin & with cos(,B+(90+(9) in Equation

2.120 since 0 + B+ 6,+ 6 =90°, and dividing both sides of the equation by ¢ ,F :

F
i o co+6,+0)= j_l [i—asin Equation 2.121

2° S 2
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Equation 2.121 can be further reduced by substituting N for the drag force variable

grouping on the left-hand side of the equation producing Equation 2.122:

N cos(B+6,+6)= j—l J1-a,’ sin B Equation 2.122

2
Acknowledging  that  cos(B+ 6, +8)=cos(8)cos(d, +8)—sin(B)sin(g, +0)  and
substituting within Equation 2.122 produces Equation 2.123:
(\1-a,
cos()cos(8, + 8)—sin(B)sin (6, +8) = % sin § Equation 2.123
2

Dividing both sides of Equation 2.123 by sin # and solving for £ provides Equation

2.124:

,1 _ 2
B =tan™ cos((90 + (9/{“ + sin ((90 + 9)} Equation 2.124

2

Multiplying the bottom left term of the right-hand side of Equation 2.124 by

(M+N)/ n,, which is equal to 1 by the definition of 77,, produces Equation 2.125:

M 1-a,’
B =tan™'| cos(@, + 6) (v + ), %t sin (6, + ) | | Equation 2.125
Mt N

Lastly, multiplying the bottom left term of the right-hand side of Equation 2.125 by I/—N

1/N

generates Equation 2.126, the expression used for # in NCMA (2006):
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M/N +1}/1-a,’
B =tan” cos(¢90+¢9/(( / (€+/€))'7 Y1 sin(g, + ) | |Equation 2.126
2 17710

NCMA (2006) assumed that the drag and lift forces have the same value. With
this assumption the ratio of M and N relies solely on the corresponding moment arms

as demonstrated by Equation 2.127:

M/N: £4FL £2FS
l

=1,/0, Equation 2.127

25§ *3°D

The assumption that the drag and lift forces are equal varies from the assumption made
by Julien (1998) that the moments created by the lift and drag forces are equal.

Like the method given by Clopper (1991), NCMA (2006) included the terms
displayed in Equation 2.61 that account for additional drag and lift forces which occur
when blocks are not perfectly installed. Adding the additional lift and drag forces to the

safety factor equation produces Equation 2.128, which is the safety factor formula given

in NCMA (2006):
SF, = (¢, 1);; , -~ Equation 2.128
J1—a, cos B+(0,1¢,) + 3L sin(0, + B)+ > L
] ﬁ ( 2 1)771 EIFS ( 0 ﬁ) EIFS

In summary, NCMA (2006) presented a method for determining a safety factor by
calculating consecutively Equation 2.127, Equation 2.119, Equation 2.107, Equation
2.108, Equation 2.126, Equation 2.118, Equation 2.61, and Equation 2.128. Table 2.7
summarizes the NCMA (2006) safety factor equations and computation order. Values for

bed slope, side slope, block geometry, block weight, specific gravity of block material,



design velocity, design shear stress, and critical shear stress are required to use the

NCMA (2006) method.

Table 2.7: Safety Factor Calculation Method According to the NCMA (2006)

Order of Equation
Calculation Equation Number
1 M/N=1¢,/¢, Equation 2.127
7, :
2 N :T_ Equation 2.119
3 a, = +/cos’ 6, —sin’ 6, Equation 2.107
4 6 =tan™ w Equation 2.108
sin 6, cos g,
M/N +1)\1-a,’
5 B =tan"'| cos(6, +6) (v N1-a, +sin(6,+8) || Equation 2.126
(£2/£1)170
M /N)+sin(@,+p+6
6 n=mn, ( ) sm( b+ h ) Equation 2.118
1+(M /N)
7 F,'=F,'=0.5p(4z)wV’ Equation 2.61
SF — (¢370,)a,
o F,' . F' i
8 w/l—ae2 cosﬁ+(€2/£1)771+é3FD sm(90+,8)+i3FL Equation 2.128

| Y =S
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2.3 SUMMARY

Testing and evaluation of ACB protection systems has been conducted by CIRIA,
FHWA, USACE, and Colorado State University (CSU) dating back to the late 1980s.
Overtopping hydraulic conditions is the primary form of testing ACB armored
embankments with the exception of Abt et al. (2001) which included testing of
channelized flow conditions. The current state-of-the-practice for testing and evaluation
of ACB protection systems is the ASTM D7277 (2008) testing standard and
corresponding ASTM D7276 (2008) standard for analysis and interpretation of ACB test
data.

To obtain design guidelines for ACB protection systems, safety factor methods
developed for riprap design have been tailored to engineered armor units. From the
literature review, two safety factor methods for ACB protection systems were identified:
1) Clopper (1991) and 2) NCMA (2006). Within both derivations, a moment stability
analysis was used in conjunction with a stability number for hydrodynamic forces. The

current state-of-the practice for ACB system hydraulic design is NCMA (2006).
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3 EXAMINATION OF ASSUMPTIONS IN SAFETY

FACTOR DERIVATIONS

Throughout the safety factor (SF) derivations presented in Section 2.2, a
significant number of assumptions were used to develop the safety factor computation
methods. As with many areas of engineering, simplifications can be necessary to
describe the mechanics of a phenomenon simply due to the large number of variables and
availability of appropriate input values for computation. Given that the moment stability
analysis methods were extrapolated outside of the original application, the employed
assumptions need to be identified and investigated for the appropriate use for ACB
design. Chapter 3 identifies each of the assumptions applied in the safety factor

derivations and provides an investigation of the relevance of each assumption.

3.1 IDENTIFICATION OF ASSUMPTIONS

One assumption identified for Clopper (1991) and NCMA (2006) is that for flow
conditions other than incipient motion, 77 can be expressed in the form of a ratio of the
boundary shear stress to the critical shear stress. Since the critical shear stress is a
constant, this assumption implies a linear relationship between the stability number and

the boundary shear stress. Recalling that the stability number, 7, is related to the drag



force and lift force, Equation 3.1 expresses the relationship imposed between these forces

and the boundary shear stress:

=— Equation 3.1

This relationship assumes that the lift and drag forces are solely dependent upon the
boundary shear stress. When the boundary shear stress is 0, the value of the stability
number, 77, is 0; and, as previously established, when the boundary shear stress is equal to
the critical shear stress, the value of the stability number is unity. Figure 3.1 illustrates
the assumed linear relationship, but also presents other potential relationships that satisfy

these specific known values.

— — — - Power (Series2) — Linear (Series1) — - — - - Power (Series3)

14

12 4 We=n

1

0.8

0.6

04 -

L L L L L L L AL

14

Figure 3.1: Potential Relationships between the Stability Number and the
Boundary Shear Stress to Critical Shear-stress Ratio

Critical shear-stress values are required to use both calculation methods. Having

an accurate value for the critical shear stress is crucial considering it is used for the
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computation of the stability number, 7. An extrapolation method is given to obtain the
critical shear-stress value for a block on a given slope from a known value for the same
block on a different slope. Equation 3.2 provides the extrapolation formula to obtain the

critical shear stress for a block on an untested slope, 7.,, (NCMA, 2006):

o = e 1808 | Bquation 3.2
where
T.q = critical shear stress for the tested bed slope (lbs/ftz);
6, = untested bed slope (radians);
6, = tested bed slope (radians);
¢, = moment arm corresponding to the weight force component normal to the
bed surface (ft); and
¢, = moment arm corresponding to the weight force component parallel to the

bed surface (ft).
In addition, an extrapolation formula is given to obtain the critical shear stress for an

untested block, 7, , from a value known for a similar tested block. This formula is

provided in Equation 3.3 (NCMA, 2006):

Equation 3.3

(@:&T)J

WSUEZU
Tey =7
“ CT( ST£2T (£3U £4U)
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where

Ter = critical shear stress for the tested block (Ibs/ft®);

We, s We = submerged weight of the untested and tested blocks (Ibs),
respectively;

loy s Uy > L4y, = moment arms for the untested block (ft); and

lop s Ly, U, = moment arms for the tested block (ft).

Clopper (1991) and NCMA (2006) safety factor methods use trigonometric
simplifications for the weight force distributions, which are only suitable for small bed
slopes. Clopper (1991) derived expressions for the weight force distributions do not
account for the bed slope. As a result, the Clopper (1991) method produces non-
conservative safety factor predictions at higher bed slopes. Conversely, the NCMA
(2006) method over accounts for the bed slope and generates conservative predictions at
higher bed slopes.

An additional shared assumption is that the lift force and drag force are
equivalent. This is considered a conservative assumption by Clopper (1991); however,
there is no evidence to verify that this assumption is conservative. Without a known lift
coefficient for the block, calculating the lift force is not feasible.

For Clopper (1991) and NCMA (2006), a value is calculated for the block
movement direction angle, £, however, the corresponding movement arms for the forces
acting along the cross section taken at the angle £ are specified as half of the block
diagonal. Rotation about a computed direction angle, £, other than the angle to the block
corner or the edge of a block is impossible. Furthermore, the moment arms employed

imply that the block rotates about the block corner which has a defined angle, £, from the
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block geometry. Dependent on conditions, rotation may initiate about the downstream
edge of the block or the inside edge of the block facing the center of the channel.
Calculating safety factors for rotation about each of the three potential rotation points is
necessary to determine the critical rotation mode.

To obtain an expression for £, Clopper (1991) and NCMA (2006) assume that the
moment components of the drag force and submerged weight component normal to the
direction of flow are balanced. This excludes the lift force and a component of the
weight force which also create moments for rotation in this cross section. Since the angle
J is defined by the armor unit geometry, this assumption is unnecessary.

A value of eight-tenths of the armor unit height is specified to be appropriate for
the moment arm corresponding to the drag force in both calculation methods. According
to NCMA (2006), this value is a good estimate which accounts for both the drag force on
the top surface of the block and the drag force on the body of the block. Accounting for
the drag force acting on the side of the block assumes there is significant interstitial flow

within the revetment system.

3.2 INVESTIGATION OF ASSUMPTIONS

An example scenario was developed to investigate the assumptions outlined in the
preceding chapter. The example revetment is composed of a rectangular-shaped block
with an assumed perfect installation. It has a submerged weight of 37.3 lbs; a critical
shear stress of 22.4 Ibs/ft> for a horizontal plane; and values of ¢,, ¢,, ¢,, and /, as

0.198 ft, 0.971 ft, 0.317 ft, and 0.971 ft, respectively. For this example, the shear stress is

5.26 Ibs/ft?, the side slope is 3 ft/ft and the bed slope is 0.50 ft/ft. An evaluation of the
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stability of the example block under these normal flow conditions produces a safety
factor value of 3.37 using the method presented in Clopper (1991), and a value of 2.42
using the method presented in NCMA (2006). Figure 3.2 presents Clopper (1991) and
NCMA (2006) safety factor values computed for the example with varying shear stresses
between 0.5 to 10.5 Ibs/ft>, while keeping all other variables constant. Figure 3.3
presents Clopper (1991) and NCMA (2006) safety factor values computed for the
example with varying bed slopes between 0.005 to 1.0 ft/ft, while keeping all other
variables constant. Figure 3.4 presents Clopper (1991) and NCMA (2006) safety factor
values computed for the example with varying side slopes between 1 to 10 ft/ft, while
keeping all other variables constant. This section discusses each of the assumptions and

evaluates the resulting influence on the safety factor prediction for the given example.
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Figure 3.3: Calculated Safety Factors for Varying Bed Slopes

81

0 2 4 6 8 10 12
Shear Stress (Ibs/ft?)
Figure 3.2: Calculated Safety Factors for Varying Shear Stress
— —Clopper (1991) ——NCMA (2006)
0 0.2 0.4 0.6 0.8 1 1.2



— —Clopper (1991) ——NCMA (2006)

14

12 ¢

10 |

Safety Factor

E—
—
—

Side Slope (ft/ft)

Figure 3.4: Calculated Safety Factors for Varying Side Slopes

Removing the assumption that the stability number is equal to the ratio of the
boundary shear stress to the critical shear stress in the example results in safety factors of
3.19 and 2.30 for the Clopper (1991) method and the NCMA (2006) method,
respectively. The value of the stability number was computed maintaining the
assumption that the lift and drag forces are equal and calculating the drag force using the
product of the shear stress and block surface area parallel to the flow direction. Using the
stability number assumption produces a 6% difference, which is non-conservative, for the
Clopper (1991) method and 5% difference, which is non-conservative, for the NCMA
(2006) method. Figure 3.5 illustrates the influence of this assumption for a range of

shear-stress values from 0.5 to 10.5 Ibs/ft>.
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Figure 3.5: Comparison of Safety Factors without the Assumption of the
Relationship between Stability Number and Shear Stress
Assuming the critical shear stress is actually 10% less than the extrapolated value
for the example block, the safety factor would be 3.10 (8% difference) and 2.25 (7%
difference) for the Clopper (1991) and NCMA (2006) methods, respectively. Figure 3.6
illustrates the influence of this assumption for a range of shear-stress values from 0.5 to

10.5 Ibs/ft>.
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Figure 3.6: Safety Factor Comparison with 10% Non-conservative Critical Shear
Stress
Without trigonometric simplifications for the weight force distribution, the safety
factor values are 2.67 and 2.67 for the Clopper (1991) method and the NCMA (2006)
method, respectively. Therefore, using trigonometric simplifications for the example
results in a non-conservative 21% difference for the Clopper (1991) method and a
conservative 10% difference for the NCMA (2006) method. Figure 3.7 illustrates the

influence of this assumption for a range of bed slopes from 0.005 to 1.0 ft/ft.
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Figure 3.7: Safety Factor Comparison without Trigonometric Simplifications

When using a value of 48.3° for £, which is the angle to the block corner for the
example block, safety factor values were calculated to be 3.40 and 2.81 for the Clopper
(1991) method and NCMA (2006) method, respectively. Using the calculated value for
B produces a conservative 2% and 17% difference for the Clopper (1991) method and
the NCMA (2006) method, respectively. The degree of error associated with calculating
the angle S using the given formulas varies with hydraulics. Figure 3.8 displays a
comparison of the calculated safety factors for a range of shear stresses between 0.5 to

10.5 Ibs/ft* computed using a value of 48.3° for the angle 3.
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Figure 3.8: Safety Factor Comparison with # Equal to 48.3°

Using the block height for the moment arm corresponding to the drag force
should produce a more conservative prediction given the mechanics of the moment
stability analysis; however, using the two methods with a moment arm equal to the block
height produced safety factor values of 3.39 (0.6% difference) and 2.42 (0.0% difference)
for the Clopper (1991) method and the NCMA (2006) method, respectively. The
conservative prediction associated with using eight-tenths of the block height comes from

the mechanics of the combined formulas. While changing 7, has very little effect on the
stability number, 7, it increases [ thereby decreasing cos £ and ultimately increasing the

safety factor. Although the assumption proved slightly conservative, it illustrates the

flawed mechanics of the combined formulas given the original form of the safety factor
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equation (Equation 2.38). Figure 3.9 provides a comparison of the safety factor values

computed using the block height for /5.
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Figure 3.9: Safety Factor Comparison Using the Block Height for /3

Calculating a safety factor for the example assuming a lift coefficient of 0.045,
results in a value of 2.06 (-39% difference) for the Clopper (1991) method and a value of
1.58 (-35% difference) for the NCMA (2006) method. A comparison of the safety factors
computed without the assumption of equal lift and drag forces for a constant shear-stress
value and a range of velocities of 2.98 to 23.70 ft/s is given by Figure 3.10. Furthermore,
Figure 3.11 presents the relationship between the lift and drag forces for a range of flow
velocities from 3 to 24 ft/s for the example. The theoretical analysis indicates that
assuming the lift and drag forces are equal is a reasonable assumption for cases with

velocities less than approximately 10 ft/s.
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Figure 3.10: Safety Factor Comparison without the Assumption of Equal Lift and
Drag Forces (lift coefficient equal to 0.045)

—Lift Forcer ——Drag Force --- % Diff
40 1 T 160%
35 | ” 140%
: 1 120%
30 1
T 100% 3
25 1 ] o c
,_g " 80% g
@ 20 | 160% o
O - _—
E E E, 40% GC->
15 ] ° %
L ] o
5 + 20%
10 [ E
: T 0%
5t 1 -20%
ol L 40%
0 5 10 15 20 25

Velocity (ft/s)

Figure 3.11: Lift Force and Drag Force Relationship to Velocity
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The relative influence on computed safety factors for each assumption has been
investigated. Table 3.1 provides a summary of the results from the comparisons to the
example scenario. The assumption of equal lift and drag forces has been identified as the
most influential for this high-velocity, steep-slope bed example. Furthermore, this
assumption is non-conservative, which can have drastic consequences if misapplied.
Other unsuitable assumptions include the trigonometric simplifications and the

computation of the angle £ .

Table 3.1: Summary of the Sensitivity of Assumptions with Respect to the Example

Comparison with Example®

Clopper (1991) NCMA (2006)
o Safety Percent Safety Percent
Description Factor Difference Factor Difference
Original Methods 3.37 - 2.42 -
Assuming the lift coefficient is 0.045 2.06 -38.9% 1.58 -34.7%
Without trigonometric simplifications 2.67 -20.8% 2.67 10.3%
Assuming critical shear stress is 10% lessthan 5 -8.0% 505 7.0%
the extrapolated value
Using a value of 48.3°for 8 3.44 2.1% 2.84 17.4%
Without assumption of relationship between £ o = o
stability number and shear stress 3.19 5-3% 230 5.0%
Using the block height for the moment 3.39 0.6% 5 42 0.0%

arm corresponding to the drag force
2 Shear stress of 5.26 Ibs/ft*, side slope of 3 ft/ft, and bed slope of 0.50 ft/ft

3.3 SUMMARY

From the literature review, two primary safety factor methods were identified:
Stevens and Simons (1971) and Julien (1998). Within both derivations, the moment

stability analysis was used in conjunction with the stability number for hydrodynamic
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forces. The original application for both methods was to produce safety factors for
cohesionless particles, which exhibit a quasi-spherical shape, on a channel side slope.

The Stevens and Simons (1971) and Julien (1998) safety factor methods have
been adapted and modified to generate design procedures applicable to engineered armor
units (Clopper, 1991; HCFCD, 2001; NCMA, 2006). As detailed in Section 3.1,
additional assumptions and simplifications were incorporated which add uncertainty to
the level of accuracy and conservatism for the block safety factor design method. For
example, Clopper (1991) presents an extrapolation of the safety factor method developed
by Stevens and Simons (1971) for mild-slope, low-velocity hydraulic conditions to the
high-velocity, steep-slope conditions associated with dam overtopping environments. In
addition, NCMA (2006) endorses a particle stability analysis method developed for
subcritical flow regimes (Julien, 1998; Julien and Anthony, 2002) for channels designed
to convey supercritical flow.

Through the investigation of assumptions presented in Section 3.2, the most
unsuitable assumption for the high-velocity, steep-slope example was identified as the
assumption of equal lift and drag forces. Trigonometric simplifications and the
computation of the angle S were also identified as inapt assumptions affecting the
computed safety factor for the example by as much as 20.8% and 17.4%, respectively.
Based on the theoretical investigation of assumptions used in the Clopper (1991) and
NCMA (2006) safety factor method derivation, the need to evaluate the Clopper (1991)

and NCMA (2006) safety factor method using full-scale data was identified.
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4 ACB TESTING DATABASE

4.1 INTRODUCTION

Datasets from ACB testing were necessary to evaluate the ability of the Clopper
(1991) and NCMA (2006) safety factor design methods to predict stable and unstable
conditions. Three datasets were developed from testing of three ACB systems: 1) 30S, 2)
Petraflex-Vick (hereafter referred to as Petraflex), and 3) the Corps Block. In addition to
the 30S and Petraflex data available in Clopper and Chen (1988), 30S, Petraflex, and
Corps Block data were available from testing previously conducted at CSU (Abt et al.,
2001; Robeson et al., 2002). Since the majority of overtopping tests were conducted on a
2H:1V embankment slope, two additional installations were tested on the 30S block at a
bed slope of 0.230 ft/ft and 0.431 ft/ft to develop a more comprehensive dataset. All
hydraulic testing performed at CSU was conducted in accordance to ASTM D7277

(2008).

4.2 30S DATASET

The 30S dataset included testing reported in Clopper and Chen (1988), testing
reported in Robeson et al. (2002), and two supplemental tests conducted at the CSU

Hydraulics Laboratory in the summer of 2009. 30S block properties are provided in
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Appendix B and Figure 4.1 presents a photograph of the 30S block installed in an

overtopping test channel.

Figure 4.1: Photograph of Installed 30S Blocks
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Testing of the 30S system was conducted for the FHWA in 1987 and reported in
Clopper and Chen (1988). The 30S system was installed with cables on a 13-ft long soil
embankment with a slope of 0.442 ft/ft. Clopper and Chen (1988) tested the 30S system
at 1-ft, 2-ft, and 4-ft overtopping depths. Table 4.1 presents the hydraulic results from
the 30S overtopping testing reported in Clopper and Chen (1988). Additionally,
Appendix A provides the available water-surface elevation, bed-elevation, and flow-
velocity data for the Clopper and Chen (1988) 30S tests. As reported in Clopper and
Chen (1988), system instability was observed during the 4-ft overtopping test. Based on
the results of the Clopper and Chen (1988) analysis, a limiting shear-stress value of 15
Ibs/ft* was reported for the 30S system on the tested embankment. No limiting value for

velocity was reported in Clopper and Chen (1988).

Table 4.1: Hydraulic Results for 30S FHWA Testing Reported in Clopper and

Chen (1988)
Over-
Test Block topping Test Manning's  System
ID No. Name Depth Date S Q ve 70 n? Condition
(ft) (fft)  (cfs) (ft/s) (Ibs/ft®)

1 30S 1.0 9/1/1987 0.442 13.8 129 7.0 0.044 Stable

2 30S 2.0 9/9/1987 0.442 34.0 15.1 12.0 0.073 Stable

3 30S 4.0 9/11/1987 0.442 90.5 16.2 36.0 0.064 Unstable

4 Maximum values reported in Clopper and Chen (1988)

Testing was performed in 2000 by CSU on one installation of the 30S system on a
20-ft long, 2H:1V soil embankment (Robeson ef al., 2002). One test at a 1-ft overtopping
depth was conducted for the CSU 30S installation. Table 4.2 provides testing
information pertaining to the 2000 CSU 30S test. Additionally, Appendix C provides the
flow-depth, bed-elevation, and flow-velocity data for the Robeson et al. (2002) 30S test.

Shear stress and velocity values were not reported by Robeson et al. (2002) and therefore
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are not presented in Table 4.2. System instability was observed during the 1-ft
overtopping test. 30S blocks were physically removed from the test section during the 1-

ft overtopping test.

Table 4.2: Robeson et al. (2002) 30S Testing

Test Block Overtopping Test System
ID No. Name Depth Date Sy Q Notes Condition
(ft) (ft/ft)  (cfs)
4 30S 1.0 8/11/2000 0.499 10.0 Cabled Unstable

Two supplemental 30S installations were tested at the CSU Hydraulics
Laboratory in 2009 to provide 30S overtopping performance data for a wider range of
embankment slopes. Testing was conducted in two flumes, a 40-ft long, 6-ft wide flume
which was reconfigured to a 4-ft wide rectangular channel and a 30-ft long, 4-ft wide
rectangular flume. Table 4.3 provides testing information pertaining to the 2009 CSU 30S
tests. Additionally, Appendix C provides the flow-depth, bed-elevation, and flow-

velocity data for the 2009 CSU 30S tests.

Table 4.3: 2009 CSU 30S Testing

Test Block  Overtopping Test System
ID No. Name Depth Date So Q Notes Condition
(ft) (ft/ft) (cfs)
5 30S 1.0 6/14/2009 0.230 10.0 Not Cabled Stable
6 30S 1.6 6/15/2009 0.230 20.0 Not Cabled Stable
7 30S 2.0 6/15/2009 0.230 30.0 NotCabled Unstable
8 30S 0.9 6/25/2009 0.431 8.0  Not Cabled Stable
9 30S 1.2 6/25/2009 0.431 12.0 Not Cabled Unstable

For the 40-ft long channel, 30S blocks were installed on a soil embankment with a

slope of 0.230 ft/ft. Testing was conducted at 1.0-ft, 1.6-ft, and 2.0-ft overtopping
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depths. During the 2.0-ft overtopping test, one 30S block was physically removed from
the test section. Therefore, the 2.0-ft overtopping test was identified as unstable.

For the 30-ft long channel, 30S blocks were installed on a soil embankment with a
slope of 0.431 ft/ft. Testing was conducted at 0.9-ft and 1.2-ft overtopping depths.
During the 1.2-ft overtopping test, 30S blocks were physically removed from the test
section. Therefore, the 1.2-ft overtopping test was identified as unstable.

A combined dataset was developed from the available 30S test data. A total of
nine tests were conducted, of which, five were identified as stable and four were
identified as unstable. The 30S dataset is presented in Table 4.4. Discharges (Q) ranged
from 8.0 to 90.5 cfs for the combined dataset and embankment slopes ranged from 0.230

to 0.499 ft/ft. Furthermore, embankment lengths ranged from 13 ft to 40 ft.

Table 4.4: Combined 30S Testing Dataset

Test Block Overtopping Test System
ID No. Name Depth Date So Q Notes Condition
(ft) (ft/ft)  (cfs)
1 30S 1.0 9/1/1987 0.442 13.8 Cabled Stable
2 30S 2.0 9/9/1987 0.442 34.0 Cabled Stable
3 30S 4.0 9/11/1987  0.442 90.5 Cabled Unstable
4 30S 1.0 8/11/2000 0.499 10.0 Cabled Unstable
5 30S 1.0 6/14/2009 0.230 10.0  Not Cabled Stable
6 30S 1.6 6/15/2009 0.230 20.0 Not Cabled Stable
7 30S 2.0 6/15/2009 0.230 30.0 NotCabled Unstable
8 30S 0.9 6/25/2009  0.431 8.0 Not Cabled Stable
9 30S 1.2 6/25/2009 0.431 12.0 NotCabled Unstable




4.3 PETRAFLEX DATASET

The Petraflex dataset included testing reported in Clopper and Chen (1988) and
Robeson et al. (2002). Petraflex block properties are provided in Appendix B and Figure

4.2 presents a photograph of the Petraflex block installed in an overtopping test channel.

Figure 4.2: Photograph of Installed Petraflex Blocks
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Testing of the Petraflex system was conducted for the FHWA in 1987 and
reported in Clopper and Chen (1988). Petraflex blocks were installed with cables on a
13-ft long soil embankment with a slope of 0.437 ft/ft. Clopper and Chen (1988) tested
the Petraflex system at 1.0-ft, 2.0-ft, and 4.0-ft overtopping depths. Table 4.5 presents
the hydraulic results from the Petraflex overtopping testing reported in Clopper and Chen
(1988). Additionally, Appendix A provides the available water-surface elevation, bed-
elevation, and flow-velocity data for the Clopper and Chen (1988) Petraflex tests.
System instability was not observed during the FHWA Petraflex testing. Based on the
results of the Clopper and Chen (1988) analysis, a limiting shear-stress of greater than 30
Ibs/ft> was reported for the Petraflex system on the tested embankment. No limiting

value for velocity was reported in Clopper and Chen (1988).

Table 4.5: Hydraulic Results for Petraflex FHWA Testing Reported in Clopper and

Chen (1988)
Over-

Test Block topping Test Manning’s System
ID No. Name Depth Date So Q ve 700 n® Condition
(ft) (ftft) (cfs) (ft/s) (Ibs/ft)

10 Petraflex 1.0 n/a 0.437 13.5 10.0 10.0 0.053 Stable
11 Petraflex 2.0 n/a 0.437 34.0 147 12.0 0.068 Stable

12 Petraflex 4.0 9/22/1987 0.437 96.0 16.9 32.0 0.080 Stable

n/a = not available
& Maximum values reported in Clopper and Chen (1988)

Overtopping testing was performed in 2000 by CSU on the Petraflex system
installed on a 20-ft long, 2H:1V soil embankment (Robeson ez al., 2002). CSU tested the
Petraflex system at 1.0-ft and 2.0-ft overtopping depths in a 4-ft wide rectangular flume.
Table 4.6 provides testing information pertaining to the 2000 CSU Petraflex tests.
Additionally, Appendix C provides the water-surface elevation, bed-elevation, and flow-

velocity data for the Robeson et al. (2002) Petraflex tests. Shear stress and velocity
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values were not reported by Robeson et al. (2002) and therefore are not presented in
Table 4.6. During the 2.0-ft overtopping test, gullies had formed under the Petraflex
blocks resulting in loss of intimate contact between the blocks and the subgrade.

Therefore, the 2.0-ft overtopping test was identified as unstable.

Table 4.6: Robeson et al. (2002) Petraflex Testing

Test Block Overtopping Test System
ID No. Name Depth Date So Q Notes Condition
(ft) (ft/ft)  (cfs)
13 Petraflex 1.0 8/21/2000 0.501 10.0 Cabled Stable
14 Petraflex 2.0 8/21/2000 0.501 28.4 Cabled Unstable

A combined dataset was developed from the available Petraflex test data. A total
of five tests were conducted, of which, four were identified as stable and one was
identified as unstable. The Petraflex dataset is presented in Table 4.7. Discharges ranged
from 10.0 to 96.0 cfs for the combined dataset and embankment slopes ranged from

0.437 to 0.501 ft/ft. Furthermore, embankment lengths ranged from 13 ft to 20 ft.

Table 4.7: Combined Petraflex Testing Dataset

Test Block Overtopping Test System
ID No. Name Depth Date Sy Q Notes Condition
(ft) (ft/ft) (cfs)

10 Petraflex 1.0 n/a 0.437 13.5 Cabled Stable
11 Petraflex 2.0 n/a 0.437 34.0 Cabled Stable
12 Petraflex 4.0 9/22/1987 0.437 96.0 Cabled Stable
13 Petraflex 1.0 8/21/2000 0.501 10.0 Cabled Stable

14 Petraflex 2.0 8/21/2000 0.501 28.4 Cabled Unstable

n/a = not available
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4.4 CORPS BLOCK DATASET

Additional testing data were available from the USACE Corps Block testing
presented in Abt et al. (2001). Testing of the Corps Block included both overtopping and
channelized conditions. Corps Block properties are provided in Appendix B and Figure
4.3 presents a photograph of the Corps Block being installed in the overtopping test
channel. Overtopping tests were conducted in a 40-ft long, 4-ft wide flume that was
configured with a crest length of 20 ft and a sloped section of 20 ft. Channelized testing
was conducted in a half-trapezoidal channel with a bottom width of 1.2 ft and 2H:1V side

slopes.

Figure 4.3: Photograph of Corps Blocks Installation
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Overtopping tests reported by Abt et al. (2001) included two embankment slopes:
SH:1V and 7H:1V. Table 4.8 presents the hydraulic results from the Corps Block
overtopping testing reported in Abt ef al. (2001). Testing was conducted on the SH:1V
installation at 1.0-ft and 2.0-ft overtopping depths. Abt et al. (2001) identified the 2.0-ft
overtopping test as a failure condition for the 5H:1V embankment slope. Testing was
conducted on the 7H:1V Corps Block installation at 1.0-ft, 1.2-ft and 2.0-ft overtopping
depths. Both the 1.2-ft and 2.0-ft overtopping tests were reported as failure conditions by

Abt et al. (2001) for the 7H:1V embankment slope.

Table 4.8: Corps Block Overtopping Testing Data

Over-
Test Block topping Flow Flow Shear System
ID No. Name Depth So Q Depth Velocity Stress Condition
(ft) (ft/ft)  (cfs) (ft) (ft/s) (Ibs/ft?)
15 Corps Block 1.0 0.200 11.0 0.28 13.6 3.46 Stable
16 Corps Block 2.0 0.200 28.5 0.49 17.3 4.92 Failure
17 Corps Block 1.0 0.143 9.75 0.25 12.8 2.07 Stable
18 Corps Block 2.0 0.143 25.0 0.65 16.5 4.79 Failure
19 Corps Block 1.2 0.143 13.0 n/a 14.5 n/a Failure

n/a = not available

Channelized tests reported in Abt et al. (2001) included six tests with
progressively increasing discharges. Table 4.9 presents the hydraulic results from the
Corps Block channelized testing reported in Abt et al. (2001). Abt et al. (2001) identified
the 112.0 cfs and 125.0 cfs tests as “failure transition” and “failure,” respectively. Test
ID 25 was not used within the dataset since flow depth and shear stress values were not

available and instability was identified at the conclusion of the previous test, Test ID 24.
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Table 4.9: Corps Block Channelized Testing Data

TestID Block Side Flow Flow Shear System
No. Name So Slope Q Depth Velocity Stress Condition
(ft/it)  (HV)  (cfs) (ft) (ftis)  (Ibs/ft?)
20 Corps Block 0.030 2.0 29.0 2.0 6.5 3.74 Stable
21  CorpsBlock 0.030 2.0 50.0 21 7.9 3.93 Stable
22  Corps Block 0.030 2.0 80.0 2.3 11.5 4.21 Stable

23  Corps Block 0.030 2.0 100.0 2.3 13.2 4.31 Stable Transition
24  Corps Block 0.030 2.0 112.0 2.5 14.0 4.68 Failure Transition
25 Corps Block 0.030 2.0 125.0 n/a 14.8 n/a Failure

4.5 SUMMARY

A database of twenty-four tests was developed from available testing data for the
purpose of evaluating the NCMA (2006) safety factor design method. Table 4.10
provides a summary of the entire ACB database. Three ACB systems were included in
the database: 1) 30S, 2) Petraflex, and 3) the Corps block. Both overtopping and channel

hydraulic conditions are represented in the database.
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Table 4.10: Entire ACB Database

Over-
Test Block Test topping Side System
ID No. Name Condition Depth Sy Slope Q Condition
(ft) (f/ft)  (H/V)  (cfs)

1 30S Overtopping 1.0 0.442 n/a 13.8 Stable
2 30S Overtopping 2.0 0.442 n/a  34.0 Stable
3 30S Overtopping 4.0 0.442 n/a 90.5 Unstable
4 30S Overtopping 1.0 0.499 n/a 10.0 Unstable
5 30S Overtopping 1.0 0.230 n/a 10.0 Stable
6 30S Overtopping 1.6 0.230 n/a 20.0 Stable
7 30S Overtopping 2.0 0.230 n/a  30.0 Unstable
8 30S Overtopping 0.9 0.431 n/a 8.0 Stable
9 30S Overtopping 1.2 0.431 n/a 12.0 Unstable
10 Petraflex = Overtopping 1.0 0.437 n/a 13.5 Stable
11 Petraflex = Overtopping 2.0 0.437 n/a 34.0 Stable
12 Petraflex ~ Overtopping 4.0 0437 n/a  96.0 Stable
13 Petraflex = Overtopping 1.0 0.501 n/a 10.0 Stable
14 Petraflex = Overtopping 2.0 0.501 n/a 28.4  Unstable
15 Corps Block Overtopping 1.0 0.200 n/a 11.0 Stable
16 Corps Block Overtopping 2.0 0.200 n/a 28.5 Unstable
17 Corps Block Overtopping 1.0 0.143 n/a 9.8 Stable
18 Corps Block Overtopping 2.0 0.143 n/a 25.0 Unstable
19 Corps Block Overtopping 1.2 0.143 n/a 13.0 Unstable
20 Corps Block  Channel n/a 0.030 2.0 29.0 Stable
21 Corps Block  Channel n/a 0.030 2.0 50.0 Stable
22 Corps Block ~ Channel n/a 0.030 2.0 80.0 Stable
23 Corps Block ~ Channel n/a 0.030 2.0 100.0 Stable
24 Corps Block ~ Channel n/a 0.030 2.0 112.0 Unstable

n/a = not applicable

Nine total overtopping tests on four different installations composed the 30S

dataset. Discharges ranged from 8.0 to 90.5 cfs, embankment slopes ranged from 0.230

to 0.499 ft/ft, and embankment lengths ranged from 13 to 40 ft for the combined 30S

dataset.

different installations.
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The Petraflex dataset was composed of five total overtopping tests on two

Discharges ranged from 10.0 to 96.0 cfs, embankment slopes



ranged from 0.437 to 0.501 ft/ft, and embankment lengths ranged from 13 ft to 20 ft for
the combined Petraflex dataset.

The Corps Block dataset was composed of eleven total tests including five
overtopping tests and six channelized tests. Discharges ranged from 9.75 to 28.5 cfs,
embankment slopes ranged from 0.143 to 0.200 ft/ft, and a constant 20-ft embankment
length for the Corps Block overtopping dataset. The Corps Block channelized dataset

had discharges ranging from 29.0 to 125.0 cfs.
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S HYDRAULIC ANALYSIS OF ACB TEST DATA

Data from the database detailed in Chapter 4 were analyzed using ASTM D7276
(2008), Guide for Analysis and Interpretation of Test Data for Articulating Concrete
Block (ACB) Revetment Systems in Open Channel Flow. Section 2.1.7 provided a review
of the ASTM D7276 (2008) standard guide and details the analysis methods for
computation of hydraulic parameters. Although flow-velocity and shear-stress values
were reported for the FHWA 30S and Petraflex tests in Clopper and Chen (1988), all
available data for FHWA 30S and Petraflex tests were reanalyzed according to the
ASTM D7276 (2008) standard to maintain a consistent analytical method for evaluating
the Clopper (1991) and NCMA (2006) safety factor equations. Water-surface elevation
and bed-elevation data were not provided in Abt ef al. (2001). Abt et al. (2001) reported
hydraulic analysis was retained for the overtopping testing and the channelized testing
hydraulic analysis was slightly modified such that shear stress was computed using
hydraulic radius instead of flow depth. Using the hydraulic radius associated with the
roughened perimeter is a more accurate method for computing boundary shear stress.
Chapter 5 provides: 1) an example of shear-stress and flow-velocity calculations using
the ASTM D7276 (2008) method, 2) hydraulic results from the ASTM D7276 (2008)
analysis of the database, and 3) a hydraulic assessment and additional analysis of the Abt

et al. (2001) data.
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5.1 EXAMPLE ASTM D7276 (2008) HYDRAULIC ANALYSIS

An example of shear-stress and flow-velocity computations using ASTM D7276
with the Petraflex 1.0-ft overtopping test data on the 0.501 ft/ft embankment slope is
provided in this section. Bed elevations, water-surface elevations, channel geometry, and
discharge are required to conduct the forewater analysis used to determine the optimum
Manning’s n value representing the collected data. Table 5.1 presents the bed and water-
surface elevations collected during the 1.0-ft overtopping test. Following the steps
outlined in Figure 2.4, an optimum Manning’s n value of 0.020 was determined. Figure
5.1 provides a graphical comparison of the water-surface profile (WSP) generated by the
0.020 Manning’s n value and the collected water-surface data. A value of 0.875 was
computed for the coefficient of determination, Rz, for the WSP fit to the collected flow-
depth data.

Table 5.1: Hydraulic Data for CSU Petraflex Test (Robeson et al., 2002) on 0.501
Bed Slope at 10.0 cfs (8-21-2000)

Station Horizontal Bed Flow Vertical Continuity

along Slope Station Elevation Depth Depth Velocity
(ft) (ft) (ft) (ft) (ft) (ft/s)
20.85 17.80 101.50 0.28 0.32 6.05
22.86 19.51 100.64 0.23 0.27 7.30
25.04 21.38 99.67 0.16 0.19 10.41
27.05 23.09 98.82 0.16 0.19 10.27
29.23 24.95 97.89 0.17 0.20 9.76
31.24 26.67 97.03 0.16 0.19 10.41
33.42 28.53 96.11 0.17 0.20 9.64
35.43 30.25 95.28 0.15 0.18 11.00
37.61 32.11 94.35 0.15 0.18 10.85
39.62 33.83 93.47 0.17 0.19 10.10

41.80 35.69 92.47 0.15 0.18 10.85
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Figure 5.1: Comparison of Measured Flow Depths to Best-fit WSP

Local cross-sectional averaged flow velocities and shear stresses were computed
using the best-fit theoretical WSP and Equation 2.3 and Equation 2.9, respectively. Table
5.2 provides the best-fit theoretical WSP data and corresponding computed local shear
stresses and flow velocities. A plot of shear stress and flow velocity versus horizontal
station is presented in Figure 5.2 and Figure 5.3 presents the hydraulic grade line and
energy grade line versus horizontal station along the embankment. Normal depth was not
achieved on the 20-ft long embankment. The maximum computed local shear stress and
flow velocity was 4.49 Ibs/ft* and 15.3 ft/s, respectively. For the purpose of quantifying
hydraulic conditions experienced by individual blocks, shear-stress and flow-velocity
values were averaged over a control volume length of one block located directly

upstream of the last restrained block. For the Petraflex example, the block length along
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the flow direction was 1.32 ft and thus the length of the control volume was 1.32 ft.
Control volume averaged shear-stress and flow-velocity values for the Petraflex 1.0-ft

overtopping test were 4.43 Ibs/ft* and 15.2 ft/s, respectively.

Table 5.2: Water-surface Profile Data and Computed Hydraulics for Optimal
Manning’s n (0.020)

Hori- Vertical Local Shear-

zontal Bed Flow Flow Flow EGL stress
Station Elevation HGL Depth Depth Velocity EGL Slope Momentum

(ft) (ft) (ft) (ft) (ft) (ft/s) (ft) (ft/ft) (Ibs/ft?)

17.80 101.48 101.81 0.32 0.29 8.67 102.91 n/a n/a
17.90 101.43 101.75 0.32 0.28 8.85 102.90 n/a n/a
18.00 101.38 101.69 0.31 0.28 9.01 102.90 0.08 1.28
18.10 101.33 101.64 0.30 0.27 9.18 102.89  0.09 1.33
18.20 101.28 101.58 0.30 0.27 9.33 102.88  0.09 1.39
18.30 101.23 101.53 0.29 0.26 9.48 102.87  0.10 1.44
18.40 101.18 101.47 0.29 0.26 9.63 102.86  0.10 1.50
18.50 101.13 101.42 0.29 0.26 9.77 102.85  0.11 1.55
18.60 101.08 101.37 0.28 0.25 9.91 102.84  0.11 1.60
18.70 101.03 101.31 0.28 0.25 10.04 102.82  0.12 1.66
18.80 100.98 101.26 0.27 0.25 10.17 102.81 0.12 1.71
18.90 100.93 101.21 0.27 0.24 10.29 102.80 0.13 1.76
19.00 100.88 101.15 0.27 0.24 10.42 102.78  0.13 1.81
19.10 100.83 101.10 0.27 0.24 10.54 102.77  0.14 1.86
19.20 100.78 101.05 0.26 0.23 10.65 102.76  0.14 1.90
19.30 100.73 100.99 0.26 0.23 10.76 102.74  0.15 1.95
19.40 100.68 100.94 0.26 0.23 10.87 102.73  0.16 2.00
19.50 100.63 100.89 0.25 0.23 10.98 102.71 0.16 2.05
19.60 100.58 100.84 0.25 0.23 11.08 102.69 0.17 2.09
19.70 100.53 100.78 0.25 0.22 11.18 102.68 0.17 2.14
19.80 100.48 100.73 0.25 0.22 11.28 102.66  0.18 2.18
19.90 100.43 100.68 0.25 0.22 11.38 102.64 0.18 2.23
20.00 100.38 100.63 0.24 0.22 11.47 102.62 0.19 2.27
20.10 100.33 100.57 0.24 0.22 11.56 102.60 0.19 2.31
20.20 100.28 100.52 0.24 0.21 11.65 102.58 0.20 2.36
20.30 100.23 100.47 0.24 0.21 11.73 102.56  0.20 2.40
20.40 100.18 100.42 0.24 0.21 11.82 102.54 0.21 2.44
20.50 100.13 100.37 0.23 0.21 11.90 102.52 0.21 2.48
20.60 100.08 100.32 0.23 0.21 11.98 102.50 0.22 2.52
20.70 100.03 100.26 0.23 0.21 12.06 102.48 0.22 2.56
20.80 99.98 100.21 0.23 0.21 12.14 102.46  0.23 2.60
20.90 99.93 100.16 0.23 0.20 12.21 102.43  0.23 2.64
21.00 99.88 100.11 0.23 0.20 12.28 102.41 0.23 2.67
21.10 99.83 100.06 0.23 0.20 12.35 102.38 0.24 2.71
21.20 99.78 100.01 0.23 0.20 12.42 102.36  0.24 2.75

21.30 99.73 99.96 0.22 0.20 12.49 102.34 0.25 2.78
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Hori- Vertical Local Shear-

zontal Bed Flow Flow Flow EGL stress
Station Elevation HGL Depth Depth Velocity EGL Slope Momentum

(ft) (ft) (ft) (ft) (ft) (ft/s) (ft) (ft/ft) (Ibs/ft?)

21.40 99.68 99.90 0.22 0.20 12.56 102.31  0.25 2.82
21.50 99.63 99.85 0.22 0.20 12.62 102.28 0.26 2.85
21.60 99.58 99.80 0.22 0.20 12.69 102.26  0.26 2.88
21.70 99.53 99.75 0.22 0.20 12.75 102.23 0.27 2.92
21.80 99.48 99.70 0.22 0.20 12.81 102.20 0.27 2.95
21.90 99.43 99.65 0.22 0.19 12.87 102.18  0.27 2.98
22.00 99.38 99.60 0.22 0.19 12.92 102.15 0.28 3.01
22.10 99.33 99.55 0.22 0.19 12.98 102.12  0.28 3.05
22.20 99.28 99.49 0.21 0.19 13.03 102.09 0.29 3.08
22.30 99.23 99.44 0.21 0.19 13.09 102.06  0.29 3.11
22.40 99.18 99.39 0.21 0.19 13.14 102.03 0.29 3.14
22.50 99.13 99.34 0.21 0.19 13.19 102.00 0.30 3.16
22.60 99.08 99.29 0.21 0.19 13.24 101.97  0.30 3.19
22.70 99.03 99.24 0.21 0.19 13.29 101.94  0.31 3.22
22.80 98.98 99.19 0.21 0.19 13.34 101.91  0.31 3.25
22.90 98.93 99.14 0.21 0.19 13.38 101.88  0.31 3.27
23.00 98.88 99.09 0.21 0.19 13.43 101.85 0.32 3.30
23.10 98.83 99.04 0.21 0.19 13.47 101.82  0.32 3.33
23.20 98.78 98.99 0.21 0.18 13.52 101.78  0.32 3.35
23.30 98.73 98.94 0.21 0.18 13.56 101.75  0.33 3.38
23.40 98.68 98.88 0.21 0.18 13.60 101.72  0.33 3.40
23.50 98.63 98.83 0.20 0.18 13.64 101.68  0.33 3.43
23.60 98.58 98.78 0.20 0.18 13.68 101.65 0.34 3.45
23.70 98.53 98.73 0.20 0.18 13.72 101.62 0.34 3.47
23.80 98.48 98.68 0.20 0.18 13.76 101.58 0.34 3.49
23.90 98.43 98.63 0.20 0.18 13.79 101.55 0.35 3.52
24.00 98.38 98.58 0.20 0.18 13.83 101.51  0.35 3.54
24.10 98.33 98.53 0.20 0.18 13.87 101.48 0.35 3.56
24.20 98.28 98.48 0.20 0.18 13.90 101.44 0.36 3.58
24.30 98.23 98.43 0.20 0.18 13.93 101.41  0.36 3.60
24.40 98.18 98.38 0.20 0.18 13.97 101.37 0.36 3.62
24.50 98.13 98.33 0.20 0.18 14.00 101.33  0.37 3.64
24.60 98.08 98.28 0.20 0.18 14.03 101.30 0.37 3.66
24.70 98.03 98.23 0.20 0.18 14.06 101.26  0.37 3.68
24.80 97.98 98.18 0.20 0.18 14.09 101.22  0.37 3.70
24.90 97.93 98.13 0.20 0.18 14.12 101.18  0.38 3.72
25.00 97.88 98.07 0.20 0.18 14.15 101.15 0.38 3.73
25.10 97.83 98.02 0.20 0.18 14.18 101.11  0.38 3.75
25.20 97.78 97.97 0.20 0.18 14.20 101.07  0.38 3.77
25.30 97.73 97.92 0.20 0.18 14.23 101.03  0.39 3.79
25.40 97.68 97.87 0.20 0.18 14.26 100.99  0.39 3.80
25.50 97.63 97.82 0.20 0.18 14.28 100.95 0.39 3.82
25.60 97.58 97.77 0.20 0.17 14.31 100.91  0.39 3.83
25.70 97.53 97.72 0.20 0.17 14.33 100.87  0.40 3.85
25.80 97.48 97.67 0.19 0.17 14.36 100.84 0.40 3.86

25.90 97.43 97.62 0.19 0.17 14.38 100.80 0.40 3.88
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Hori- Vertical Local Shear-

zontal Bed Flow Flow Flow EGL stress
Station Elevation HGL Depth Depth Velocity EGL Slope Momentum

(ft) (ft) (ft) (ft) (ft) (ft/s) (ft) (ft/ft) (Ibs/ft?)

26.00 97.38 97.57 0.19 0.17 14.40 100.76  0.40 3.89
26.10 97.33 97.52 0.19 0.17 14.42 100.71 0.40 3.91
26.20 97.28 97.47 0.19 0.17 14.45 100.67  0.41 3.92
26.30 97.23 97.42 0.19 0.17 14.47 100.63  0.41 3.94
26.40 97.18 97.37 0.19 0.17 14.49 100.59 0.41 3.95
26.50 97.13 97.32 0.19 0.17 14.51 100.55 0.41 3.96
26.60 97.08 97.27 0.19 0.17 14.53 100.51 0.41 3.97
26.70 97.03 97.22 0.19 0.17 14.55 100.47  0.42 3.99
26.80 96.98 97.17 0.19 0.17 14.57 100.43 0.42 4.00
26.90 96.93 97.12 0.19 0.17 14.58 100.38  0.42 4.01
27.00 96.88 97.07 0.19 0.17 14.60 100.34 0.42 4.02
27.10 96.83 97.02 0.19 0.17 14.62 100.30 0.42 4.03
27.20 96.77 96.97 0.19 0.17 14.64 100.26  0.42 4.05
27.30 96.72 96.92 0.19 0.17 14.65 100.21 0.43 4.06
27.40 96.67 96.86 0.19 0.17 14.67 100.17  0.43 4.07
27.50 96.62 96.81 0.19 0.17 14.69 100.13  0.43 4.08
27.60 96.57 96.76 0.19 0.17 14.70 100.09  0.43 4.09
27.70 96.52 96.71 0.19 0.17 14.72 100.04 0.43 4.10
27.80 96.47 96.66 0.19 0.17 14.73 100.00 0.43 4.11
27.90 96.42 96.61 0.19 0.17 14.75 99.96 0.44 4.12
28.00 96.37 96.56 0.19 0.17 14.76 99.91 0.44 4.13
28.10 96.32 96.51 0.19 0.17 14.78 99.87 0.44 4.14
28.20 96.27 96.46 0.19 0.17 14.79 99.82 0.44 4.15
28.30 96.22 96.41 0.19 0.17 14.80 99.78 0.44 4.16
28.40 96.17 96.36 0.19 0.17 14.82 99.73 0.44 4.16
28.50 96.12 96.31 0.19 0.17 14.83 99.69 0.44 417
28.60 96.07 96.26 0.19 0.17 14.84 99.65 0.44 4.18
28.70 96.02 96.21 0.19 0.17 14.85 99.60 0.45 4.19
28.80 95.97 96.16 0.19 0.17 14.87 99.56 0.45 4.20
28.90 95.92 96.11 0.19 0.17 14.88 99.51 0.45 4.20
29.00 95.87 96.06 0.19 0.17 14.89 99.47 0.45 4.21
29.10 95.82 96.01 0.19 0.17 14.90 99.42 0.45 4.22
29.20 95.77 95.96 0.19 0.17 14.91 99.38 0.45 4.23
29.30 95.72 95.91 0.19 0.17 14.92 99.33 0.45 4.23
29.40 95.67 95.86 0.19 0.17 14.93 99.28 0.45 4.24
29.50 95.62 95.81 0.19 0.17 14.94 99.24 0.45 4.25
29.60 95.57 95.76 0.19 0.17 14.95 99.19 0.46 4.25
29.70 95.52 95.71 0.19 0.17 14.96 99.15 0.46 4.26
29.80 95.47 95.66 0.19 0.17 14.97 99.10 0.46 4.27
29.90 95.42 95.61 0.19 0.17 14.98 99.06 0.46 4.27
30.00 95.37 95.56 0.19 0.17 14.99 99.01 0.46 4.28
30.10 95.32 95.51 0.19 0.17 15.00 98.97 0.46 4.29
30.20 95.27 95.46 0.19 0.17 15.01 98.92 0.46 4.29
30.30 95.22 95.40 0.19 0.17 15.02 98.87 0.46 4.30
30.40 95.17 95.35 0.19 0.17 15.02 98.83 0.46 4.30

30.51 95.12 95.30 0.19 0.17 15.03 98.78 0.46 4.31
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Hori- Vertical Local Shear-

zontal Bed Flow Flow Flow EGL stress
Station Elevation HGL Depth Depth Velocity EGL Slope Momentum

(ft) (ft) (ft) (ft) (ft) (ft/s) (ft) (ft/ft) (Ibs/ft?)

30.61 95.07 95.25 0.19 0.17 15.04 98.73 0.47 4.31
30.71 95.02 95.20 0.19 0.17 15.05 98.69 0.47 4.32
30.81 94.97 95.15 0.19 0.17 15.06 98.64 0.47 4.32
30.91 94.92 95.10 0.19 0.17 15.06 98.59 0.47 4.33
31.01 94.87 95.05 0.19 0.17 15.07 98.54 0.47 4.33
31.11 94.82 95.00 0.19 0.17 15.08 98.50 0.47 4.34
31.21 94.77 94.95 0.19 0.17 15.08 98.45 0.47 4.34
31.31 94.72 94.90 0.19 0.17 15.09 98.40 0.47 4.35
31.40 94.67 94.85 0.19 0.17 15.10 98.36 0.47 4.35
31.50 94.62 94.80 0.19 0.17 15.10 98.31 0.47 4.36
31.60 94.57 94.75 0.19 0.17 15.11 98.26 0.47 4.36
31.71 94.52 94.70 0.18 0.17 15.12 98.22 0.47 4.37
31.81 94.47 94.65 0.18 0.17 15.12 98.17 0.47 4.37
31.91 94.42 94.60 0.18 0.17 15.13 98.12 0.47 4.37
32.01 94.37 94.55 0.18 0.17 15.13 98.07 0.47 4.38
32.11 94.32 94.50 0.18 0.17 15.14 98.03 0.48 4.38
32.21 94.27 94.45 0.18 0.17 15.14 97.98 0.48 4.38
32.31 94.22 94.40 0.18 0.17 15.15 97.93 0.48 4.39
32.41 94.17 94.35 0.18 0.16 15.15 97.88 0.48 4.39
32.51 94.12 94.30 0.18 0.16 15.16 97.83 0.48 4.40
32.61 94.06 94.25 0.18 0.16 15.16 97.79 0.48 4.40
32.71 94.01 94.20 0.18 0.16 15.17 97.74 0.48 4.40
32.81 93.97 94.15 0.18 0.16 15.17 97.69 0.48 4.41
32.90 93.92 94.10 0.18 0.16 15.18 97.64 0.48 4.41
33.00 93.87 94.05 0.18 0.16 15.18 97.60 0.48 4.41
33.10 93.82 94.00 0.18 0.16 15.19 97.55 0.48 4.41
33.20 93.77 93.95 0.18 0.16 15.19 97.50 0.48 4.42
33.30 93.72 93.90 0.18 0.16 15.20 97.45 0.48 4.42
33.40 93.67 93.85 0.18 0.16 15.20 97.40 0.48 4.42
33.51 93.61 93.80 0.18 0.16 15.20 97.35 0.48 4.43
33.61 93.56 93.75 0.18 0.16 15.21 97.31 0.48 4.43
33.71 93.51 93.70 0.18 0.16 15.21 97.26 0.48 4.43
33.81 93.46 93.65 0.18 0.16 15.22 97.21 0.48 4.43
33.91 93.41 93.60 0.18 0.16 15.22 97.16 0.48 4.44
34.00 93.36 93.55 0.18 0.16 15.22 97.11 0.48 4.44
34.10 93.31 93.50 0.18 0.16 15.23 97.07 0.48 4.44
34.20 93.27 93.45 0.18 0.16 15.23 97.02 0.49 4.44
34.30 93.21 93.40 0.18 0.16 15.23 96.97 0.49 4.45
34.40 93.16 93.35 0.18 0.16 15.24 96.92 0.49 4.45
34.51 93.11 93.30 0.18 0.16 15.24 96.87 0.49 4.45
34.61 93.06 93.25 0.18 0.16 15.24 96.82 0.49 4.45
34.71 93.01 93.20 0.18 0.16 15.25 96.77 0.49 4.45
34.80 92.96 93.15 0.18 0.16 15.25 96.72 0.49 4.46
34.90 92.91 93.10 0.18 0.16 15.25 96.68 0.49 4.46
35.00 92.86 93.05 0.18 0.16 15.25 96.63 0.49 4.46

35.10 92.81 93.00 0.18 0.16 15.26 96.58 0.49 4.46
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Hori- Vertical Local Shear-

zontal Bed Flow Flow Flow EGL stress
Station Elevation HGL Depth Depth Velocity EGL Slope Momentum

(ft) (ft) (ft) (ft) (ft) (ft/s) (ft) (ft/ft) (Ibs/ft?)

35.20 92.76 92.95 0.18 0.16 15.26 96.53 0.49 4.46
35.30 92.72 92.90 0.18 0.16 15.26 96.48 0.49 4.47
35.40 92.67 92.85 0.18 0.16 15.27 96.43 0.49 4.47
35.50 92.62 92.80 0.18 0.16 15.27 96.39 0.49 4.47
35.59 92.57 92.75 0.18 0.16 15.27 96.34 0.49 4.47
35.69 92.52 92.70 0.18 0.16 15.27 96.29 0.49 4.47
35.80 92.47 92.65 0.18 0.16 15.28 96.24 0.49 4.47
35.90 92.42 92.60 0.18 0.16 15.28 96.19 0.49 4.48
36.00 92.37 92.55 0.18 0.16 15.28 96.14 0.49 4.48
36.10 92.32 92.50 0.18 0.16 15.28 96.09 0.49 4.48
36.20 92.27 92.45 0.18 0.16 15.28 96.04 0.49 4.48
36.30 92.22 92.40 0.18 0.16 15.29 95.99 0.49 4.48
36.39 92.17 92.35 0.18 0.16 15.29 95.95 0.49 4.48
36.49 92.12 92.30 0.18 0.16 15.29 95.90 0.49 4.49
36.59 92.07 92.25 0.18 0.16 15.29 95.85 0.49 4.49
36.70 92.02 92.20 0.18 0.16 15.29 95.80 0.49 4.49

HGL = hydraulic grade line; EGL = energy grade line; n/a = not available
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Figure 5.2: Flow Velocity and Shear Stress versus Horizontal Station
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5.2 ASTM D7276 (2008) HYDRAULIC ANALYSIS OF 30S AND

PETRAFLEX DATA

The ASTM D7276 (2008) standard guide for interpretation was used to compute
control volume averaged shear-stress and flow-velocity values from all available WSP
data. Table 5.3 and Table 5.4 provide the results of the ASTM D7276 hydraulic analysis
for the 30S and Petraflex, respectively. Figure 5.4 provides a graphical comparison of
the shear-stress values computed from the ASTM D7276 (2008) standard and the shear-
stress values reported in Clopper and Chen (1988). Additionally, Figure 5.5 provides a
plot of the percent difference between the ASTM D7276 computed shear stresses and the

reported shear-stress values in Clopper and Chen (1988) as a function of overtopping



depth. For the 1.0-ft and 2.0-ft overtopping FHWA 30S tests, the computed ASTM
D7276 shear-stress values were 1% greater and 14% less than the reported FHWA shear-
stress values, respectively. However, shear stresses computed for the 4.0-ft overtopping
FHWA 30S and Petraflex tests were an average of 72% less than the values reported by
Clopper and Chen (1988). Shear stresses and flow velocities for the FHWA Petraflex
1.0-ft and 2.0-ft overtopping tests were approximated by using the 0.029 Manning’s n
value computed from the 4.0-ft overtopping depth test with a theoretical 1.0-ft and 2.0-ft
overtopping depth flow profile. Shear-stress discrepancies at higher overtopping depths
illustrate the sensitivity of computed shear-stress values to the computation method,
embankment length, and associated draw-down toward normal depth. With
advancements in computing technology and the resulting capability to perform complex
forewater computations, the necessity to obtain a best-fit profile and compute shear stress

using the momentum equation is clear.

113



2!

Table 5.3: ASTM D7276 (2008) Hydraulic Results for 30S Testing

Test Block Overtopping Test Flow Manning's System
ID No. Name Depth Date So Q Depth® ve 70 n Condition
(ft) (ft/ft) (cfs) (ft) (ft/s)  (Ibs/ft?)

1 30S 1.0 9/1/1987 0.442 13.8 0.29 12.1 71 0.035 Stable
2 30S 2.0 9/9/1987 0.442 34.0 0.57 14.9 10.3 0.039 Stable
3 30S 4.0 9/11/1987 0.442 90.5 1.11 20.4 12.6 0.035 Unstable
4 30S 1.0 8/11/2000 0.499 10.0 0.14 17.6 2.5 0.013 Unstable
5 30S 1.0 6/14/2009 0.230 10.0 0.24 10.5 3.3 0.026 Stable
6 30S 1.6 6/15/2009 0.230 20.0 0.34 14.7 4.0 0.022 Stable
7 30S 2.0 6/15/2009 0.230 30.0 0.44 17.2 4.7 0.021 Unstable
8 30S 0.9 6/25/2009 0.431 8.0 0.15 13.7 3.6 0.020 Stable
9 30S 1.2 6/25/2009 0.431 12.0 0.20 15.0 4.9 0.022 Unstable

% Values averaged over a control volume length of one block located directly upstream of the last restrained block

Table 5.4: ASTM D7276 (2008) Hydraulic Results for Petraflex Testing
Test Block  Overtopping Test Flow Manning's System
IDNo.  Name Depth Date So Q Depth?® ve 70° n Condition
(ft) (ft/ft) (cfs) (ft) (f/s)  (Ibs/ft?)

10  Petraflex 1.0 n/a 0437 135 027° 123° 50° 0.029° Stable
11 Petraflex 2.0 n/a 0.437 340 055° 153° 6.2° 0.029° Stable
12 Petraflex 4.0 9/22/1987 0.437 96.0 1.26 19.0 7.0 0.029 Stable
13 Petraflex 1.0 8/21/2000 0.501 10.0 0.16 15.2 4.5 0.020 Stable
14 Petraflex 2.0 8/21/2000 0.501 28.4 0.40 17.8 10.2 0.031 Unstable

n/a = not available
& Values averaged over a control volume length of one block located directly upstream of the last restrained block
® Values approximated using theoretical 1.0-ft and 2.0-ft overtopping depth flow profiles with the 4.0-ft overtopping depth Manning’s n value of 0.029
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5.3 HYDRAULIC ANALYSIS OF CORPS BLOCK DATA
Water-surface profile and bed-elevation data were not reported in Abt er al.

(2001). Therefore, conducting the ASTM D7276 (2008) analysis standard on the Corps

Block dataset was not possible. Abt ef al. (2001) computed shear stress using Equation

5.1 for both the overtopping and channelized data analysis:

T, =MS,; Equation 5.1
where
T, = shear stress (lbs/ftz);
y = unit weight of water (62.4 Ibs/ft’);
d = flow depth (ft); and
Sy = slope of the energy grade line (friction slope) (ft/ft).

Shear-stress and flow-velocity values for the overtopping tests reported in Abt et al.
(2001) were used in the assessment of the Clopper (1991) and NCMA (2006) safety
factor equation. For the 1.2-ft overtopping test, the block system failed prior to
acquisition of flow data and Abt ef al. (2001) do not report flow-depth or shear-stress
values for the 1.2-ft overtopping test. To obtain a 1.2-ft overtopping shear-stress value
for the Clopper (1991) and NCMA (2006) safety factor assessment, a linear interpolation
of the shear-stress values reported for the 1.0-ft and 2.0-ft overtopping flow depths was
conducted based on discharge. The linear interpolation resulted in a shear-stress value of
2.65 Ibs/ft* for the 1.2-ft overtopping test.

Shear-stress values for the channelized testing were recomputed using Equation

5.2 from the reported Abt et al. (2001) data:
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T, = RS, Equation 5.2

where
7, = shear stress (Ibs/ft>);
y = unit weight of water (62.4 lbs/ft®);

R = hydraulic radius (ft); and

Sr slope of the energy grade line (friction slope) (ft/ft).

The hydraulic radius in Equation 5.2 was computed using Equation 5.3:

R= A Equation 5.3
P
where
R = hydraulic radius (ft);
A = cross-section flow area (ftz); and
P =

wetted (roughened) perimeter (ft).

Since the ACB system roughness was considerably greater than the concrete flume wall
roughness, the length corresponding to the concrete flume wall was not included in the
wetted perimeter. Table 5.5 provides the final hydraulic analysis results for both the
overtopping and channelized Corps Block tests. The 125.0-cfs channelized test was
excluded from the data used in the Clopper (1991) and NCMA (2006) safety factor
assessment since flow-depth and shear-stress data were not available and the system was

previously identified as unstable at the 112.0-cfs test.
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Table 5.5: Results of the Corps Block Hydraulic Analysis

Test Test Side Flow Flow Shear  System
ID No. Condition Sy  Slope Q Depth Velocity Stress Condition
(ft/ft)  (H/V)  (cfs) (ft) (ftis)  (Ibs/ft?)

15 Overtopping 0.200 n/a 11.0 0.28 13.6 3.5 Stable
16 Overtopping 0.200 n/a 28,5 049 17.3 4.9 Unstable
17 Overtopping 0.143 n/a 9.8 0.25 12.8 2.1 Stable
18 Overtopping 0.143 n/a 25.0 0.65 16.5 4.8 Unstable
19 Overtopping 0.143 n/a  13.0 - 14.5 272 Unstable
20 Channel 0.030 2.0 29.0 2.0 6.5 2.2 Stable
21 Channel 0.030 2.0 50.0 2.1 7.9 2.3 Stable
22 Channel 0.030 2.0 80.0 2.3 11.5 2.5 Stable
23 Channel 0.030 2.0 1000 23 13.2 25 Stable
24 Channel 0.030 20 1120 25 14.0 2.6 Unstable

n/a = not applicable
 Computed from linear interpolation, based on discharge, of 1.0-ft and 2.0-ft overtopping
data on 0.143 ft/ft embankment

5.4 SUMMARY

Hydraulic analysis was conducted on the database to provide shear-stress and
flow-velocity values for the assessment of the NCMA (2006) safety factor equation. An
example of the ASTM D7276 (2008) analysis was presented using data from the CSU
1.0-ft overtopping Petraflex test. Using the ASTM D7276 (2008) analysis standard,
flow-velocity and shear-stress values were computed for the 30S and Petraflex datasets.
Due to lack of water-surface profile data for the Corps Block testing, hydraulic values
reported by Abt et al. (2001) were retained for the overtopping testing. Shear-stress
values for the channelized tests were recomputed using hydraulic radius, instead of flow
depth, in the simplified shear-stress equation. A combined summary of the 30S,
Petraflex, and Corps Block hydraulic analysis results is provided in Table 5.6. The
hydraulic analysis results were used in the evaluation of the NCMA (2006) safety factor

method presented in Chapter 6.
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Table 5.6: Hydraulic Analysis Results for ACB Database

Over-
Test Block Test topping Test Side Flow Manning's System
ID No. Name Condition Depth Date So Slope Q Depth "4 To n Condition
(ft) (ft/ft)  (HV)  (cfs) (ft) (ft's)  (Ibs/ft?)

1 30S Overtopping 1.0 9/1/1987  0.442 n/a 13.8 0.29 12.1 71 0.035 Stable
2 30S Overtopping 2.0 9/9/1987  0.442 n/a 34.0 0.57 14.9 10.3 0.039 Stable
3 30S Overtopping 4.0 9/11/1987  0.442 n/a 90.5 1.11 20.4 12.6 0.035 Unstable
4 30S Overtopping 1.0 8/11/2000 0.499 n/a 10.0 0.14 17.6 2.5 0.013 Unstable
5 30S Overtopping 1.0 6/14/2009 0.230 n/a 10.0 0.24 10.5 3.3 0.026 Stable
6 30S Overtopping 1.6 6/15/2009 0.230 n/a 20.0 0.34 14.7 4.0 0.022 Stable
7 30S Overtopping 2.0 6/15/2009 0.230 n/a 30.0 0.44 17.2 4.7 0.021 Unstable
8 30S Overtopping 0.9 6/25/2009  0.431 n/a 8.0 0.15 13.7 3.6 0.020 Stable
9 30S Overtopping 1.2 6/25/2009  0.431 n/a 12.0 0.20 15.0 4.9 0.022 Unstable
10 Petraflex Overtopping 1.0 N/A 0.437 n/a 13.5 0.27 12.3 5.0 0.029 Stable
11 Petraflex Overtopping 2.0 N/A 0.437 n/a 34.0 0.55 15.3 6.2 0.029 Stable
12 Petraflex Overtopping 4.0 9/22/1987  0.437 n/a 96.0 1.26 19.0 7.0 0.029 Stable
13 Petraflex Overtopping 1.0 8/21/2000  0.501 n/a 10.0 0.16 15.2 45 0.020 Stable
14 Petraflex Overtopping 2.0 8/21/2000 0.501 n/a 28.4 0.40 17.8 10.2 0.031 Unstable
15  Corps Block  Overtopping 1.0 N/A 0.200 n/a 11.0 0.28 13.6 3.5 N/A Stable
16  Corps Block  Overtopping 2.0 N/A 0.200 n/a 28.5 0.49 17.3 4.9 N/A Unstable
17  Corps Block  Overtopping 1.0 N/A 0.143 n/a 9.8 0.25 12.8 2.1 N/A Stable
18  Corps Block  Overtopping 2.0 N/A 0.143 n/a 25.0 0.65 16.5 4.8 N/A Unstable
19  Corps Block  Overtopping 1.2 N/A 0.143 n/a 13.0 n/a 14.5 2.7 N/A Unstable
20  Corps Block Channel n/a N/A 0.030 2.0 29.0 2.0 6.5 2.2 N/A Stable
21 Corps Block Channel n/a N/A 0.030 2.0 50.0 2.1 7.9 2.3 N/A Stable
22 Corps Block Channel n/a N/A 0.030 2.0 80.0 2.3 11.5 2.5 N/A Stable
23  Corps Block Channel n/a N/A 0.030 2.0 100.0 2.3 13.2 2.5 N/A Stable
24  Corps Block Channel n/a N/A 0.030 2.0 112.0 2.5 14.0 2.6 N/A Unstable

n/a = not applicable; N/A = not available



6 EVALUATION OF CLOPPER (1991) AND NCMA (2006)

METHODS USING ACB TEST DATA

NCMA (2006) provides a safety factor equation which represents the state-of-the-
practice for ACB system design. However, the Clopper (1991) safety factor design
method has been extensively employed for ACB system design as well. Previously,
limited data have been available for assessing the validity of the Clopper (1991) and
NCMA (2006) safety factor equations. Available datasets were exclusively for
overtopping tests and primarily had 2H:1V embankment slopes. Three ACB systems
were included in the developed database: 1) 30S, 2) Petraflex, and 3) the Corps Block.
Twenty-four tests encompassing both overtopping and channelized conditions composed
the database.

Clopper (1991) safety factors for channelized conditions were computed using
Equation 6.1:

oF = (¢,/0,)cos6
sin @cos B+ (0,/0,)n'

Equation 6.1

where

SF

factor of safety;

N
Il

side-slope angle;

n' = stability number defined by Equation 2.48;
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p = block rotation angle defined by Equation 2.59 (radians);
¢, = block length measured from the block center to the block corner (ft); and
¢, = one-half of the block height (ft).

Additionally, NCMA (2006) safety factors for channelized conditions were computed

using Equation 6.2:

SF = (311 )a Equation 6.2
\/l—ag2 cos B+(0,/¢,)n,
where
SF = factor of safety;
a, = weight force component defined by Equation 2.107;
n, = stability number defined by Equation 2.118;
B = block rotation angle defined by Equation 2.126 (radians);
¢, = block length measured from the block center to the block corner (ft); and
¢, = one-half of the block height (ft).

Since the database was developed from tests conducted in a controlled laboratory setting,
Equation 6.1 and Equation 6.2 exclude the additional lift and drag forces attributed to
protrusion on an individual block above adjacent blocks.

For overtopping conditions, the Clopper (1991) and NCMA (2006) safety factor
equations are identical. Equation 6.3 provides the Clopper (1991) and NCMA (2006)
safety factor equation for blocks on a channel bed:

_(e,10,)cos0 (¢,7¢,)cosO
- sin9+(£2/€1)77 B Sin9+(£2/£1)(70/7c)

Equation 6.3



where

SF = factor of safety;

@ = bed-slope angle = arctan(S) (radians);

n = stability number for blocks on a channel bed;

7, = boundary shear stress (Ibs/ft*);

7. = block critical shear stress on a horizontal plane (Ibs/ft®);

¢, = one-half of the block length along the flow direction (ft); and

~
I

one-half of the block height (ft).

Consistent with the channelized testing, Equation 6.3 excludes the additional lift and drag
forces attributed to protrusion on an individual block above adjacent blocks.

Critical shear stress at horizontal values, 7., were computed for each stable test
directly preceding an unstable test. Equation 6.3 was set equal to a safety factor of 1 and
solved for 7. to derive the expression for computing a critical shear-stress value at

horizontal as presented in Equation 6.4:

Equation 6.4

_ (¢,/4)) }

‘ T{(ﬂz/él)cosﬁ—sinﬁ

where

7. = block critical shear stress on a horizontal plane (lbs/ftz);
7, = boundary shear stress on a sloped embankment (Ibs/ft?);
¢, = one-half of the block length along the flow direction (ft);

¢, = one-half of the block height (ft); and

6 = bed-slope angle (radians).



6.1 30S CLOPPER (1991) AND NCMA (2006) SF ANALYSIS

Using Equation 6.3, the Clopper (1991) and NCMA (2006) safety factor equation
for overtopping conditions, safety factors were computed for each test presented in Table
5.3. Initially, critical shear-stress values at horizontal, 7., were computed using Equation
6.4 for each stable test preceding an unstable test. Table 6.1 provides the computed 7.

30S values. Computed critical shear-stress values for the 30S on a horizontal plane
ranged from 4.5 to 13.5 Ibs/ft>. According to Clopper (1991) and NCMA (2006), a

unique value of critical shear stress on a horizontal plane should exist.

Table 6.1: Computed Critical Shear-stress Values for the 30S on a Horizontal Plane

Test Block  Overtopping Test NCMA
ID No. Name Depth Date So Q 4 7o Tc
(ft) (ft/ft)  (cfs) (ft/s) (Ibs/ft®) (Ibs/ft?)
2 30S 2.0 9/9/1987 0.442 34.0 149 10.3 138.5
6 30S 1.6 6/15/2009 0.230 20.0 14.7 4.0 4.5
8 30S 0.9 6/25/2009  0.431 8.0 138.7 3.6 4.7

Safety factors were computed for the 30S data using each of the critical shear-
stress values presented in Table 6.1. Table 6.2 provides a summary of the computed
safety factor values. Plots of bed slope versus 30S computed safety factors for the 13.5,
4.5, and 4.7 Ibs/ft* 7. values are presented in Figure 6.1, Figure 6.2, and Figure 6.3,
respectively. The following summarizes the ability of each critical shear-stress value to

predict system stability for the 30S dataset:



7. = 13.5 Ibs/ft* correctly predicted the point of instability for 25% of the

tested installations:

O

T

Computed safety factor values for stable tests ranged from 1.00 to 2.96
Correctly predicted 100% of stable tests
Computed safety factor values for unstable tests ranged from 0.85 to 2.59

Correctly predicted 25% of unstable tests

= 4.5 Ibs/ft* correctly predicted the point of instability for 25% of the tested

installations:

O

T

Computed safety factor values for stable tests ranged from 0.38 to 1.19
Correctly predicted 40% of stable tests
Computed safety factor values for unstable tests ranged from 0.31 to 1.27

Correctly predicted 75% of unstable tests

= 4.7 lbs/ft* correctly predicted the point of instability for 50% of the tested

installations:

Computed safety factor values for stable tests ranged from 0.39 to 1.22
Correctly predicted 60% of stable tests
Computed safety factor values for unstable tests ranged from 0.32 to 1.30

Correctly predicted 75% of unstable tests
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Table 6.2: Computed 30S SF for Clopper (1991) and NCMA (2006) Method

Test Block  Overtopping System SF SF SF
IDNo. Name Depth So v 70 Condition (z.=13.5Ibs/ft®) (r.=4.5Ibs/ft®) (z.= 4.7 Ibs/ft?)
(ft) (ft/ft) (f/s) (Ibs/ft?)

1 30S 1.0 0.442 12.1 7.1 Stable 1.36 0.54 0.55
2 30S 2.0 0.442 14.9 10.3 Stable 1.00 0.38 0.39
3 30S 4.0 0.442 20.4 12.6 Unstable 0.85 0.31 0.32
4 30S 1.0 0.499 17.6 2.5 Unstable 2.59 1.27 1.30
5 30S 1.0 0.230 10.5 3.3 Stable 2.96 1.19 1.22
6 30S 1.6 0.230 14.7 4.0 Stable 2.55 1.00 1.03
7 30S 2.0 0.230 17.2 4.7  Unstable 2.25 0.87 0.89
8 30S 0.9 0.431 13.7 3.6 Stable 2.22 0.98 1.00
9 30S 1.2 0.431 15.0 4.9 Unstable 1.81 0.75 0.77

Orange cells identify tests used to calibrate z. values
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Figure 6.2: 30S SF Computed from Clopper (1991) and NCMA (2006) Method with
% = 4.5 Ibs/ft* Calibrated from CSU Data at 0.230 Embankment Slope
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Figure 6.3: 30S SF Computed from Clopper (1991) and NCMA (2006) Method with
% = 4.7 Ibs/ft* Calibrated from CSU Data at 0.431 Embankment Slope

6.2 PETRAFLEX CLOPPER (1991) AND NCMA (2006) SF

ANALYSIS
Using Equation 6.3, the Clopper (1991) and NCMA (2006) safety factor equation
for overtopping conditions, safety factors were computed for each test presented in Table
5.4. Initially, critical shear-stress values at horizontal, 7., were computed using Equation
6.4 for each stable test preceding an unstable test. Table 6.3 provides the computed
Petraflex 7. values. Computed critical shear-stress values for the Petraflex system on a

horizontal plane ranged from 5.7 to 8.6 lbs/ft*.

Table 6.3: Computed Critical Shear-stress Values for the Petraflex on a Horizontal

Plane
Test Block Overtopping Test NCMA
IDNo. Name Depth Date So Q "4 70 Te
(ft) (f/ft) (cfs) (ft/s) (Ibs/ft®) (Ibs/ft?)
12 Petraflex 4.0 9/22/1987 0.437 96.0 19.0 7.0 8.6
13 Petraflex 1.0 8/21/2000 0.501 10.0 15.2 4.5 5.7
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Safety factors were computed for the Petraflex data using both of the critical
shear-stress values. Table 6.4 provides a summary of the computed safety factor values.
Plots of bed slope versus computed safety factors for the 8.6 and 5.7 Ibs/ft> 7. values are
presented in Figure 6.4 and Figure 6.5, respectively. The following summarizes the
ability of each critical shear-stress value to predict system stability for the Petraflex
dataset:

e 1. = 8.6 Ibs/ft* correctly predicted the point of instability for 100% of the

tested installations:
o Computed safety factor values for stable tests ranged from 1.00 to 1.42
o The computed safety factor value for the unstable test was 0.69
e 7.=5.7Ibs/ft> correctly predicted the point of instability for 50% of the tested
installations:
o Computed safety factor values for stable tests ranged from 0.69 to 1.00

o The computed safety factor value for the unstable test was 0.47

Table 6.4: Computed Petraflex SF for Clopper (1991) and NCMA (2006) Method

Over- SF SF
Test Block topping System (rc=8.6 (z.=5.7
ID No. Name Depth S, v o Condition Ibs/ft’)  Ibs/ft)
(fty  (fuft) (ft's) (Ibs/ft?)
10 Petraflex 1.0 0437 123 50 Stable 1.34 0.93
11 Petraflex 20 0437 153 6.2 Stable 1.12 0.77
12 Petraflex 40 0437 19.0 7.0 Stable 1.00 0.69
13 Petraflex 1.0 0501 152 45 Stable 1.42 1.00
14 Petraflex 20 0501 17.8 102  Unstable 0.69 0.47

Orange cells identify tests used to calibrate 7. values
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6.3 CORPS BLOCK CLOPPER (1991) AND NCMA (2006) SF

ANALYSIS

Safety factors were computed for the tests presented in Table 5.5 using the
Clopper (1991) safety factor equation for channel conditions, Equation 6.1; the NCMA
(2006) safety factor equation for channel conditions, Equation 6.2; and the Clopper
(1991) and NCMA (2006) safety factor equation for overtopping conditions, Equation

6.3. Initially, critical shear-stress values at horizontal, 7., were computed for each stable

test preceding an unstable test. Table 6.5 provides the computed Corps Block 7. values.

Computed critical shear-stress values for the Corps Block system on a horizontal plane

ranged from 2.2 to 3.7 Ibs/ft*.

Table 6.5: Computed Critical Shear-stress Values for the Corps Block on a
Horizontal Plane

Over-
Test ID Block topping Side NCMA
No. Name Depth So Slope Q "4 70 Te
(ft) (fUft)  (H/V) (cfs) (ft/s) (Ibs/ft®) (Ibs/ft%)
15 Corps Block 1.0 0.200 n/a 11.0 13.6 3.5 3.7
17 Corps Block 1.0 0.143 n/a 9.8 128 2.1 2.2
23 Corps Block n/a 0.030 2.0 100.0 13.2 2.5 2.9

n/a = not applicable

Safety factors were computed for the Corps Block data using each of the critical
shear-stress values. Table 6.6 provides a summary of the Corps Block computed safety
factor values for the overtopping tests. Additionally, Table 6.7 and Table 6.8 provide
computed safety factors for the channelized tests for the Clopper (1991) and NCMA
(2006) methods, respectively. Plots of bed slope versus computed safety factors for the

3.7, 2.2, and 2.9 Ibs/ft* 7. values are presented in Figure 6.6, Figure 6.7, and Figure 6.8,
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respectively. The following summarizes the ability of each critical shear-stress value to

predict system stability for the Corps Block dataset:

7.

= 3.7 Ibs/ft* correctly predicted the point of instability for 33% of the tested

installations:

O

Tc

Computed safety factor values for stable tests ranged from 1.00 to 1.67
Correctly predicted 100% of stable tests
Computed safety factor values for unstable tests ranged from 0.71 to 1.32

Correctly predicted 50% of unstable tests

= 2.2 Ibs/ft* correctly predicted the point of instability for 33% of the tested

installations:

O

7.

Computed safety factor values for stable tests ranged from 0.60 to 1.00
Correctly predicted 17% of stable tests
Computed safety factor values for unstable tests ranged from 0.42 to 0.79

Correctly predicted 100% of unstable tests

= 2.9 Ibs/ft* correctly predicted the point of instability for 33% of the tested

installations:

Computed safety factor values for stable tests ranged from 0.78 to 1.30
Correctly predicted 83% of stable tests
Computed safety factor values for unstable tests ranged from 0.55 to 1.03

Correctly predicted 75% of unstable tests
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Table 6.6: Computed Corps Block SF for Overtopping Tests for Clopper (1991) and NCMA (2006) Method

Test Block System SF SF SF
IDNo.  Name So v 7o Condition (z.=3.7 Ibs/ft?) (z.=2.2 Ibs/ft?) (z. = 2.9 Ibs/ft?)
(ft/ft) (f/s)  (Ibs/ftd)

15  Corps Block 0.200 13.6 3.5 Stable 1.00 0.60 0.78

16  Corps Block 0.200 17.3 4.9 Unstable 0.71 0.42 0.55

17  Corps Block 0.143 12.8 2.1 Stable 1.67 1.00 1.30

18 Corps Block 0.143 16.5 4.8 Unstable 0.75 0.44 0.58

19  Corps Block 0.143 14.5 2.7 Unstable 1.32 0.79 1.03

Orange cells identify tests used to calibrate 7. values

Table 6.7: Computed Corps Block SF for Channel Tests for Clopper (1991) Method

— Test Block Side System SF SF SF
> IDNo. Name So Slope v T Condition (z.=3.7 Ibs/ft®) (z.=2.2Ibs/ft®) (z. = 2.9 Ibs/ft?)
(ffty  (HV)  (ft/s)  (Ibs/ftd)
20 Corps Block 0.030 2.0 6.5 2.2 Stable 1.69 0.99 1.30
21 Corps Block 0.030 2.0 7.9 2.3 Stable 1.63 0.95 1.25
22  Corps Block 0.030 2.0 11.5 2.5 Stable 1.51 0.88 1.16
23  Corps Block 0.030 2.0 13.2 2.5 Stable 1.51 0.88 1.16

24  Corps Block 0.030 2.0 14.0 2.6 Unstable 1.41 0.82 1.08




Table 6.8: Computed Corps Block SF for Channel Tests for NCMA (2006) Method

Test Block Side System SF SF SF
IDNo. Name So Slope v 7o Condition (z.=3.7 Ibs/ft’) (z.=2.2Ibs/ft®) (z.= 2.9 Ibs/ft?)
(ft/ft) (H/V) (f/s)  (Ibs/ftd)

20 Corps Block 0.030 2.0 6.5 2.2 Stable 1.41 0.86 1.11

21 Corps Block 0.030 2.0 7.9 2.3 Stable 1.36 0.83 1.07

22  Corps Block 0.030 2.0 11.5 2.5 Stable 1.27 0.77 1.00

23  Corps Block 0.030 2.0 13.2 2.5 Stable 1.27 0.77 1.00

24  Corps Block 0.030 2.0 14.0 2.6 Unstable 1.19 0.72 0.94

Orange cell identifies test used to calibrate z,value
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6.4 SUMMARY

Safety factors were computed using the Clopper (1991) and NCMA (2006) safety

factor equations for the tests within the database. The Clopper (1991) and NCMA (2006)

safety factor equations proved inadequate at predicting system stability for the 30S and

Corps Block datasets.

For the Petraflex dataset, which was limited to tested

embankments slopes of 0.437 and 0.501 ft/ft, the Clopper (1991) and NCMA (2006)

method was successful at predicting stability with the 7. value of 8.6 lbs/ft>. Based on the

results of the Clopper (1991) and NCMA (2006) safety factor calculations for ACB data,

the need to develop a design methodology capable of predicting ACB system stability for

both high-velocity, steep-slope and channelized applications was identified.



7 DERIVATION OF NEW SAFETY FACTOR METHOD

A new factor of safety equation was derived by investigating the ratio of the sum
of resisting moments (moments that work to stabilize the block) to the sum of overturning
moments (moments that work to set the block in motion). Results from the investigation
of assumptions related to existing safety factor equations identified the most influential
assumption as the non-conservative assumption of equal lift and drag forces. Therefore,
a lift coefficient was employed to compute the lift force in a new safety factor equation.
Other assumptions, including the weight force distribution simplification and
computation of the rotation angle, were excluded in the derivation of a new safety factor
equation.

A right-hand coordinate system was applied to the block system as defined by
Figure 7.1 for the factor of safety analysis. Weight force components acting along the x,
y, and z axis were derived and used during the safety factor derivations. Factor of safety
equations were derived for incipient motion rotating about three separate points: 1) pivot
Point P in the positive x direction, 2) pivot Point O in the positive z direction, and 3)
pivot Point M on the corner of the block as illustrated in Figure 7.2. Subsequent sections
present the derivation of the weight force components and the derivation of the new

safety factor equation.
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Geee——

Flow

Figure 7.1: Coordinate System for Factor of Safety Equation Derivations

Figure 7.2: View of Block Normal to Side-slope Plane with Identified Pivot Points
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7.1 DERIVATION OF SUBMERGED WEIGHT FORCE

COMPONENTS

For the moment analysis, the components of the submerged weight in each of the

directions of the three-dimensional coordinate system (X, y, and z) were derived:

a.

W,, — weight force component parallel to the side-slope plane in the x

direction:

W, =W, sin 6, Equation 7.1

where 6, is the angle of the bed slope.

W,, — weight force component normal to the side-slope plane in the y

direction:

W, =W, cos 8, cosb, Equation 7.2

where 6, is the angle resulting from the projection of the bed slope (6,) on

the side-slope face and is mathematically defined by Equation 7.3:

6, =arctan(tan 6, cos 6,) Equation 7.3

where 6, is the bed-slope angle and 6, is the side-slope angle.

W,, — weight force component parallel to the side-slope plane in the positive

z direction:

W, =W, cos§, sin 6, Equation 7.4

Derivations for each of the submerged weight components are presented in this section.
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The weight force component acts in the negative vertical direction from the center
of mass of the block as illustrated in Figure 7.3. Two components can be used to
represent the total weight force: one along the direction of the bed slope and one normal

to the bed slope. As shown in Figure 7.3, the weight force component in the x direction,

Wiy, 1s Wsing,.

F}QW Direction

*. horizontal
_________ _ —_—— _> 9

horizontal
where
Ws = block submerged weight (Ibs)
6, = bed-slope angle (radians)

Figure 7.3: Weight Force Components Normal and Perpendicular to the Direction
of the Bed Slope

To obtain an expression for the weight force components in the y and z direction,

W,, and W, respectively, the component perpendicular to the direction of flow in the
horizontal-vertical plane, W, cos@, (Figure 7.3), was further investigated. Figure 7.4

presents the W cos 6, component in the z-y plane. W sin 8, is not shown in Figure 7.4

since it is located solely in the x axis which is normal to the z-y plane. As Figure 7.4
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illustrates, W, =W, cosf,cosd, and W, =W, cosf,sin6,, where 6, is the angle

between the bed slope and the side slope from a cross section normal to the bed-slope

surface. Figure 7.5 illustrates the location of the €, dimension.

Top of Bank N /

AN 7

Channel Bed

where
Ws = block submerged weight (1bs)
) = bed-slope angle (radians)
6, = side-slope angle measured along a cross section normal to the bed-slope (radians)
y,z = yand z axes of the three-dimensional coordinate system

Figure 7.4: Channel Cross Section Normal to the Bed-slope View
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where

V-V’ = vertical cross-section

N-N’ = cross-section normal to the bed-slope plane

6, = angle between the bed-slope and the side-slope from a cross section

normal to the bed-slope plane (radians)

Figure 7.5: Definition of 0,

7.2 DERIVATION OF SIDE-SLOPE ANGLE PERPENDICULAR TO
BED SLOPE

An equation for the side-slope angle normal to the bed slope, 6, as an expression
of the side slope, 6, and the bed slope, 6,, was derived. Figure 7.6 presents a vertical

cross-section view (V-V’ from Figure 7.5) of the channel and defines the location of the

side slope, 6,. Figure 7.7 presents a cross-section view normal to the bed slope (N-N’
from Figure 7.5) and defines the location of &,. Given the lengths adjacent, A, and

opposite, O, of the angle 6,, as defined by Figure 7.6, the relationship presented in

Equation 7.5 can be produced:
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tan g, = % Equation 7.5

Furthermore, given the length adjacent, A, and opposite, O’, of the angle 8,, as defined

by Figure 7.7, the relationship presented in Equation 7.6 can be produced:

'

0]
tang, = " Equation 7.6
Solving Equation 7.5 for A and substituting into Equation 7.6 generates Equation 7.7:

O'tan 6,

tan g, = O

Equation 7.7

As shown in Figure 7.8, the relationship presented in Equation 7.8 exists between the

lengths opposite of 6, and 6, :

0O'=0cos6, Equation 7.8

Substituting Equation 7.8 into Equation 7.7 and solving for &, provides Equation 7.9,
which is an expression for the side-slope angle normal to the bed slope, 6,, in terms of

the bed-slope angle, 6,, and the vertical side-slope angle, ,:

6, =arctan(cos 6, tan 6, ) Equation 7.9



Top of Bank

Channel Bed

A

where

= length adjacent of angle 6,

hypotenuse of right triangle created by 6,
length opposite of angle 6,

vertical side-slope angle (radians)

Sk >
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Figure 7.6: Cross-section V-V’ View (vertical)

Top of Bank
H '
OV
0,
Channel Bed
A
where

A= length adjacent of angle 492
H = hypotenuse of right triangle created by 492
o = length opposite of angle 492
6, = angle between the bed-slope and the side-slope from a cross section normal

to the bed-slope plane (radians)

Figure 7.7: Cross-section N-N’ View (normal to the bed slope)
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where
O = length opposite of angle &,
O’ = length opposite of angle 6,
6y = bed-slope angle (radians)

Figure 7.8: Channel Profile View Including Lengths O and O’ for 0, and 0,,
Respectively

7.3 DERIVATION OF SAFETY FACTOR EQUATIONS

Factor of safety equations were derived for rotation about the three points
illustrated in Figure 7.2. For a given block and flow conditions, the three safety factor
equations can be used to determine the critical rotation point.

Drag and lift force values for each derivation are computed by the same method.
An expression for the drag force exerted on a block was obtained from the average

boundary shear-stress equation and the block surface area. The drag force acting on the

block surface was calculated by the product of the average boundary shear stress, 7,,, and
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surface area of the block face parallel to direction of flow, A,. Equation 7.10 presents

the expression for drag force exerted on a block.

F, =1,A; Equation 7.10
where
F, = drag force (Ibs);
7, = boundary shear stress (lbs/ftz); and
A, = block area parallel to direction of flow (ftz).

According to dimensional analysis, the lift force is defined by Equation 7.11 (Wilcox,

2000):
1 2 .
F, = ECL PAV Equation 7.11

where

F, = lift force (Ibs);

C, = lift coefficient;

p = mass density of water (slugs/ft’);

A, = block area parallel to direction of flow (ftz); and

V= flow velocity (ft/s).
Additional lift and drag forces caused by a protruding block were computed using

Equation 7.12, which is consistent with the method presented in NCMA (2006):

F,=F, =05AZbpV°* Equation 7.12



where
F, = additional drag force caused by block protrusion (Ibs);
F, = additional lift force caused by block protrusion (Ibs);

AZ = height of block protrusion above ACB system (ft);

b = block width normal to the flow direction (ft);
p = mass density of water (slugs/ft’); and
V. = flow velocity (ft/s).

7.3.1 SAFETY FACTOR EQUATION FOR ROTATION ABOUT BLOCK
CORNER (POINT M)
The location of the cross section used to calculate the safety factor equation for
movement about the block corner (Point M), A-A’, is presented in Figure 7.9. The angle

[ can be calculated from given block dimensions as expressed by Equation 7.13:

?
,6 = arctar{g—pJ Equation 7.13

n

where 7, is the block length parallel to the bed slope and 7, is the block length normal to

the bed slope as illustrated in Figure 7.9.
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where
A-A’ = cross section along block rotation path for rotation about the block corner
¢, = block length normal to the bed-slope (ft)
‘¢, = block length parallel to the bed-slope (ft)
M point of rotation for rotation about the block corner
p = angle of block rotation measured in the side-slope plane (radians)
Xx,Z = X and z axes of the three-dimensional coordinate system

Figure 7.9: View of Block Normal to Side-slope Plane with Identified Cross-section
A-A’ and Angle S

The drag force acts in the direction of flow along the x axis. As illustrated by

Figure 7.10, the components of the Wsx, Wsz, and F)p forces in the direction of Cross-

section A-A’ were calculated and are expressed by Equation 7.14, Equation 7.15, and

Equation 7.16, respectively:

W (aeay =Wy sin (B) Equation 7.14
W, aony = Wi, cos( ) Equation 7.15
Fpiany = Fpsin(p) Equation 7.16
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where
A-A’ = cross section along block rotation path for rotation about the block corner
Fp = drag force (Ibs)
Wsx = block submerged weight component along the x axis (Ibs)
Wsz = block submerged weight component along the z axis (Ibs)
p = angle of block rotation measured in the side-slope plane (radians)
Xx,Z = X and z axes of the three-dimensional coordinate system

Figure 7.10: View of Block Normal to Side-slope Plane with Identified Force
Components

A free-body diagram of the block Cross-section A-A’ is presented in Figure 7.11

with corresponding moment arms. The moment arm between the block corner and the
Wsy weight force component, ¢7, which acts along the direction of the A-A’ can be

calculated from the block dimensions using Equation 7.17:

0,=05\0,7+¢,’ Equation 7.17
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where

¢, = block length parallel to the bed slope (ft); and

¢, = Dblock length normal to the bed slope as illustrated in Figure 7.9 (ft).

1
4 / 8 F L
Fpsing [ v
ly <
I 14 #iM
. o | Wy
Wsyxsing + Wgzcosf3 2
where

p = angle of block rotation measured in the side-slope plane (radians)
Fp = dragforce (Ibs)
F; = lift force (1bs)
¢, = momentarm for submerged weight force component parallel to the side-slope plane

(f

= block height and moment arm for the drag force component along the path of motion

l, g g p gthep

(fo

, = momentarm for the weight force component normal to the side-slope plane (ft)

¢, = momentarm for the lift force (ft)
M = rotation point about the block corner
Wsx = block submerged weight component along the x axis (Ibs)
Wsy = block submerged weight component along the y axis (Ibs)
Wsz = block submerged weight component along the z axis (Ibs)

Figure 7.11: Free-body Diagram for Rotation about Point M

Equation 7.18 presents the safety factor equation for rotation about pivot Point M,
which was derived by taking the ratio of resisting moments to overturning moments

illustrated in Figure 7.11:

SF — Mresisting — €7WSY
M EI(WSXsin,B+WSZcos,B)+€3(FD+FD')sin,B+€8(FL+FL')

overturning

Equation 7.18
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where

L.

L

block submerged weight component along the x axis (Ibs);
block submerged weight component along the y axis (1bs);
block submerged weight component along the z axis (1bs);
drag force (1bs);

additional drag force due to block protruding above adjacent blocks
(Ibs);

lift force (Ibs);

additional lift force due to block protruding above adjacent blocks (Ibs);
and

corresponding moment arms as illustrated in Figure 7.11 (ft).

After substituting Equation 7.1, Equation 7.2, and Equation 7.4 for Wsx, Wsy, and Wsz in

Equation 7.18, respectively, Equation 7.19 is derived as the safety factor equation for

rotation about Point M:

l,W; cos @, cosb,

SF,, =

where

?, (W sin 8, sin B+ W, cos 6, sin 8, cos )+ {,(F, + F,")sin B+ ( (F, + F,")

Equation 7.19

block submerged weight (Ibs);
bed-slope angle (radians); and
side-slope angle normal to the bed slope as defined by Equation 7.3

(radians).
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7.3.2 SAFETY FACTOR EQUATION FOR ROTATION IN THE FLOW
DIRECTION (POINT P)
A free-body diagram for incipient failure in the positive x direction, rotation about
Point P, is presented in Figure 7.12. Equation 7.20, which conservatively ignores inter-

block restraint, is the safety factor equation for rotation in the x-y plane:

SF, = Mm””"% =W F EjV;S’,Y)JrE F 7] Equation 7.20
overturning Wex TE3Wp T Lp a\p T 17
where

W,, = block submerged weight component along the x axis (1bs);

W,, = block submerged weight component along the y axis (1bs);

F, = drag force (Ibs);

F, = additional drag force due to block protruding above adjacent blocks
(Ibs);

F, = lift force (Ibs);

F, = additional lift force due to block protruding above adjacent blocks (Ibs);
and

¢. = corresponding moment arms as illustrated in Figure 7.12 (ft).

After substituting Equation 7.1 and Equation 7.2 for Wsx and Wsy in Equation 7.20,
respectively, Equation 7.21 is derived as the safety factor equation for rotation about
Point P:

t,W, cos@, cosb,

SF, = .
0\ Wysin@, +(,(F, +F,")+ 0 ,(F, +F,"

Equation 7.21



where
Ws = block submerged weight (1bs);
& = bed-slope angle (radians); and
6 = side-slope angle normal to the bed slope as defined by Equation 7.3
(radians).

The moment arm associated with the lift force, /4, is equal to the moment arm for the

weight force in the y direction, /,, where ¢, =12 X /.

4 | Fi
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S
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where
Fp = dragforce (Ibs)
F; = lift force (Ibs)
¢, = momentarm for submerged weight force component parallel to the side-slope plane
(fo
¢, = momentarm for submerged weight force component normal to the side-slope plane
(f

= block height and moment arm for the drag force (ft)

, = momentarm for the lift force (ft)

P = rotation point about the block edge in the downstream direction
Wsx = block submerged weight component along the x axis (Ibs)

Wsy = block submerged weight component along the y axis (Ibs)

X,y = x andy axes of the three-dimensional coordinate system

Figure 7.12: Free-body Diagram for Rotation about Point P



7.3.3 SAFETY FACTOR EQUATION FOR ROTATION PERPENDICULAR TO
THE FLOW DIRECTION (POINT O)
A free-body diagram for incipient failure in the positive z direction, rotation about
Point O, is presented in Figure 7.13. Equation 7.22, which conservatively ignores inter-

block restraint, represents the safety factor equation for rotation in the z-y plane:

ESWSY

SF _ Mresisting
0=

= , Equation 7.22
werimine L Wsy + 0\, +F,)
where
W,, = block submerged weight component in the z direction (1bs);
W,, = block submerged weight component in the y direction (Ibs);
F = lift force (Ibs);
F = additional lift force due to protruding block (Ibs); and

~
I

corresponding moment arms as illustrated in Figure 7.13 (ft).

After substituting Equation 7.1 and Equation 7.4 for Wsx and Wsz in Equation 7.22,

respectively, Equation 7.23 is derived as the safety factor equation for rotation about

Point O:
N4 o o
SF, = ss P08 O, Equation 7.23
W, cos 8, sin 8, +£6(FL + FL')
where
Ws = block submerged weight (Ibs);
& = bed-slope angle (radians); and



6 = side-slope angle normal to the bed slope as defined by Equation 7.3
(radians).

The moment arm associated with the lift force, /¢, is equal to the moment arm for the

weight force in the y direction, /s, where ¢ =12Xx /.

1
, te | Fr
P L e EE e e GRS EE LR EE R PR
I 14 f"‘O
/ s Wy
Wsz v
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where
F; = lift force (Ibs)
¢, = momentarm for submerged weight force component parallel to the side-slope
plane (ft)
¢, = momentarm for the weight force component in the y direction (ft)
¢, = momentarm for the lift force (ft)
(0] = rotation point about the block edge laterally into the channel
Wsy = block submerged weight component along the y axis (Ibs)
Wsz = block submerged weight component in the z direction (Ibs)
X,y = xand y axes of the three-dimensional coordinate system

Figure 7.13: Free-body Diagram for Rotation about Point O

7.4 SAFETY FACTOR EQUATION FOR BLOCKS ON A

CHANNEL BED

The factor of safety equation for a block on the channel bed can be directly

derived from Equation 7.21 by setting the side-slope angle, &;, to 0. When the side-slope



angle is 0, the corresponding side-slope angle normal to the bed slope is O as illustrated in

Equation 7.24:

0, = arctan(tan(0)cos 6, )=arctan(0)=0 Equation 7.24

Equation 7.25, Equation 7.26 and Equation 7.27 present the Wsx, Wsy, and Wsz weight
force components, respectively, for a block on the channel bed which can be derived by

substituting O for & in Equation 7.1, Equation 7.2, and Equation 7.4:

W, =W, sin 6, Equation 7.25
W, =W, cos 6, Equation 7.26
W, =0 Equation 7.27

Rotation about Point P is the critical concern for incipient failure for a block on the
channel bed since that rotation is in the direction of flow and in the plane of the only
weight force components. Substituting O for & in Equation 7.21 results in Equation 7.28,
which is the SF equation for a block on the channel bed:

l,W cos 8,
(W sin@, +0,(F, +F,")+(,(F, +F,"

SFoep = Equation 7.28

where
Ws = block submerged weight (Ibs);
& = bed-slope angle (radians);
F, = drag force (Ibs);



F, = additional drag force due to block protruding above adjacent blocks
(Ibs);

F, = lift force (Ibs);

F, = additional lift force due to block protruding above adjacent blocks (Ibs);
and
¢. = corresponding moment arms as illustrated in Figure 7.12 (ft).

7.5 SUMMARY

Safety factor equations were derived for stability of a rectangular particle on a
channel side slope and stability on a channel bed. Computation of the lift force for the
safety factor method uses the flow velocity with a lift coefficient specific to a given
rectangular particle. Additionally, expressions for computation of the weight force
distribution which correctly account for the bed-slope contribution are utilized. Channel
side-slope safety factor equations were derived for rotation about three locations on the
block: 1) rotation about the block corner (Point M), 2) rotation about the block edge in
the downstream direction (Point P), and 3) rotation about the block edge laterally into the
channel (Point O). To derive the safety factor equation for blocks on a channel bed, the
side-slope angle was set to O in the channel side-slope safety factor equation for rotation
about Point P. Table 7.1 provides a summary of the derived safety factor equations.
Values for bed slope, side slope, block geometry, block weight, specific gravity of block
material, design velocity, design shear stress, and calibrated lift coefficient are required to

use the new safety factor method. Since the only calibrated parameter within the derived



safety factor equation is the lift coefficient, it accounts for inter-block friction which is

not represented in the moment stability model.
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Table 7.1. Summary of New Safety Factor Equations

Channel Side-slope SF
Equation for Rotation about
the Block Corner (Point
M):

Channel Side-slope SF
Equation for Rotation about
the Block Edge in the
Flow Direction (Point P):

Channel Side-slope SF
Equation for Rotation about
the Block Edge Laterally

into the Channel (Point O):

Channel Bed SF Equation for
Rotation about the Block
Edge in the Flow
Direction (Point P):

SF, =

Equation

Equation Number
6, = arctan(tan 6, cos 8, ) Equation 7.3
F,=1,A, Equation 7.10

F, = % C,pAV?

F,=F,=0.54ZbpV°’

b4
= arctan| 2
g 12

1,W, cos@, cosb,

¢,(W, sin 8, sin B+W, cos 6, sin 8, cos B)+,(F, + F,")sin S+ (,(F, + F,")

0,W, cos @, cosb,

SF,

SF,

T (W, sing, +0,(F, +F,)+(,(F, +F,)

1 W cos @, cosb,

B { W, cos,sin @, +( (F, +F,)

l,W cos 8,

SFyp, =

(W sin @, +0,(F, +F,")+(,(F, +F,"

Equation 7.11
Equation 7.12

Equation 7.13

Equation 7.19

Equation 7.21

Equation 7.23

Equation 7.28




Table 7.1 (continued): Summary of New Safety Factor Equations

651

where

= side-slope angle perpendicular to the bed-slope plane (radians);
= vertical side-slope angle = arctan(1/2) (radians);

bed-slope angle = arctan(S,) (radians);

R
I

= drag force (lbs);
= boundary shear stress (Ibs/ft?);

A
<)
|

block area parallel to direction of flow (ft?);
lift force (Ibs);
lift coefficient;

=
Il

Q.
([

= mass density of water (slugs/ft®);
flow velocity (ft/s);

N < o
I

o

= additional drag force caused by block protrusion (lbs);
= additional lift force caused by block protrusion (Ibs);
height of block protrusion above ACB system (ft);

g

=  block width normal to the flow direction (ft);
angle to block corner (radians);
=  block length parallel to the bed slope (ft);

S~ & ™ >
I}

= block length normal to the bed slope (ft);
Ws = block submerged weight (Ibs); and
¢. = moment arms corresponding to forces (ft).




8 ANALYSIS OF NEW SAFETY FACTOR EQUATIONS

An assessment of the safety factor equations developed in Chapter 7 was
conducted using the database presented in Chapter 4. A lift coefficient was calibrated for
each block and safety factors were computed for all tests using the equations presented in
Table 7.1.

For overtopping hydraulic test conditions, Equation 7.28 was used to determine
the value of C, for each block. Lift coefficients were calculated by setting the SF equal
to 1 and using the flow velocity and boundary shear stress measured for the stable test
condition prior to identified failure. Substituting Equation 7.11 into Equation 7.28 and

setting SF equal to 1 generates Equation 8.1 for C, :

l,Wcos6,

SFypp =1= Equation 8.1

( Wsin @, +£,(F,)+ @@chABvZJ

Since the database was developed from tests conducted in a controlled laboratory setting,
Equation 8.1 excludes the additional lift and drag forces attributed to block protrusion
above adjacent blocks. Equation 8.2 presents the formula for computing a lift coefficient,
Cr, which was derived by solving Equation 8.1:

_ l,W, cos @)~ W sin 6, —(,F,
0.5¢,pAV>

C, Equation 8.2
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For channelized hydraulic test conditions, the critical point of rotation was initially
identified by evaluating Equation 7.19, Equation 7.21, and Equation 7.23 for the
minimum safety factor using lift coefficients determined from the overtopping data
assessment.  Subsequently, a lift coefficient was computed from the safety factor
equation with the minimum computed safety factor by setting the safety factor equal to 1

and solving for Cy.

8.1 30S NEW SF ANALYSIS

Using the derived safety factor calculation equations provided in Table 7.1, safety
factors were computed for each 30S test presented in Table 5.3. Initially, the lift
coefficient, Cr, was computed for all stable tests which directly preceded an unstable test
by using the computed shear stress and flow velocity on the embankment and assuming a
safety factor value of 1. A lift coefficient value of 0.0972 was determined to be the
optimum value to represent the stability conditions within the dataset.

Safety factors were computed for the 30S data using the 0.0972 lift coefficient
value. Table 8.1 provides a summary of the computed safety factor values. A plot of bed
slope versus 30S computed safety factors is presented in Figure 8.1. The following
summarizes the ability of the new safety factor equation to predict system stability for the
30S dataset:

o (L =0.0972 correctly predicted the point of instability for 75% of the tested

installations:
o Computed safety factor values for stable tests ranged from 0.74 to 1.71

o Correctly predicted 80% of stable tests

161



o Computed safety factor values for unstable tests ranged from 0.46 to 0.84
o Correctly predicted 100% of unstable tests
The new safety factor equation proved successful in predicting stability for eight out of

the nine 30S tests.

Table 8.1: Computed 30S SF for the New SF Method

Test Block Overtopping System SF
IDNo. Name Depth So 4 7o Condition (CL=0.0972)
(ft) (fuft)  (f/s)  (Ibs/ft)

1 30S 1.0 0.442 12.1 71 Stable 1.05
2 30S 2.0 0.442 14.9 10.3 Stable 0.74
3 30S 4.0 0.442 204 12.6 Unstable 0.46
4 308 1.0 0.499 17.6 2.5 Unstable 0.66
5 30S 1.0 0.230 10.5 3.3 Stable 1.71
6 30S 1.6 0.230 14.7 4.0 Stable 1.00
7 30S 2.0 0.230 17.2 4.7 Unstable 0.76
8 30S 0.9 0.431 13.7 3.6 Stable 1.00
9 30S 1.2 0.431 15.0 4.9 Unstable 0.84

Orange cell identifies test used to calibrate C, value

1.8 ¢
@)
1.6 -
1.4 -
[ O CSU Stable
1.2 ©
10 - o A X CSU Unstable
& ; X
08 - % A FHWA 1988 Stable
i A N ASTM D7276 Analysis
0.6 C X FHWA 1988 Unstable
r X ASTM D7276 Analysis
04 ¢ SF=1
0.2 ¢
0.0 C L L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Bed Slope (ft/ft)

Figure 8.1: 30S SF Computed from the New SF Method with C;, = 0.0972
Calibrated from CSU 30S 0.230 ft/ft Bed-slope Data
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8.2 PETRAFLEX NEW SF ANALYSIS

Using the new safety factor calculation equations provided in Table 7.1, safety
factors were computed for the Petraflex tests. Initially, the lift coefficient, C;, was
computed for all stable tests which directly preceded an unstable test by using the
computed shear stress and flow velocity on the embankment and assuming a safety factor
value of 1. A lift coefficient value of 0.0207 was determined to be the optimum value to
represent the stability conditions within the dataset.

Safety factors were computed for the Petraflex data using the 0.0207 Ilift
coefficient value. Table 8.2 provides a summary of the computed safety factor values. A
plot of bed slope versus Petraflex computed safety factor is presented in Figure 8.2. The
following summarizes the ability of the new safety factor equation to predict system
stability for the Petraflex dataset:

e (; =0.0207 correctly predicted the point of instability for 100% of the tested

installations:
o Computed safety factor values for stable tests ranged from 1.00 to 1.76
o The computed safety factor values for the unstable test was 0.91
The new safety factor equation proved successful in predicting stability for all of the

Petraflex tests.
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Table 8.2: Computed Petraflex SF for the New SF Method

Over-
Test Block topping System SF
ID No. Name Depth So "4 To Condition (C. =0.0207)
(fy  (fuft) (ft's) (Ibs/ft)
10 Petraflex 1.0 0.437 11.7 5.8 Stable 1.76
11 Petraflex 2.0 0.437 15.0 7.5 Stable 1.33
12 Petraflex 4.0 0.437 19.0 7.0 Stable 1.00
13 Petraflex 1.0 0.501 15.2 4.5 Stable 1.41
14 Petraflex 2.0 0.501 17.8 10.2 Unstable 0.91

Orange cell identifies test used to calibrate C, value

2.0
A O (CSUStable

1.5 o
A X CSUUnstable

5 1.0 I A A FHWA 1988 Stable
F X ASTM D7276 Analysis
SF=1
0.5 -
0.0 :
0.42 0.44 0.46 0.48 0.50 0.52

Bed Slope (ft/ft)

Figure 8.2: Petraflex SF Computed from the New SF Method with C;. = 0.0207
Calibrated from Clopper and Chen (1988) Data and ASTM D7276 (2008) Analysis

8.3 CORPS BLOCK NEW SF ANALYSIS

Using the derived safety factor equations provided in Table 7.1, safety factors
were computed for the Corps Block tests. Initially, the lift coefficient, Cr, was computed
for all stable tests which directly preceded an unstable test by using the computed shear

stress and flow velocity on the embankment and assuming a safety factor value of 1. A

164



lift coefficient value of 0.115 was determined to be the optimum value to represent the
stability conditions within the dataset.

Safety factors were computed for the Corps Block data using the 0.115 lift
coefficient value. Table 8.3 provides a summary of the computed safety factor values. A
plot of bed slope versus Corps Block computed safety factors is presented in Figure 8.3.
The following summarizes the ability of the new safety factor equation to predict system
stability for the Corps Block dataset:

o (L =0.115 correctly predicted the point of instability for 100% of the tested

installations:

o Computed safety factor values for stable tests ranged from 1.00 to 2.95

o Computed safety factor values for unstable tests ranged from 0.66 to 0.96
The new safety factor equation proved successful in predicting stability for all of the

Corps Block tests.

Table 8.3: Computed Corps Block SF for the New SF Method

Over-
Test Block topping Side System SF
ID No. Name So Depth Slope 4 To Condition (C, =0.115)
(f/f)  (ft) (HV) (f/s) (Ibs/it’)

15 Corps Block 0.200 1.0 n/a 13.6 3.5 Stable 1.03
16 Corps Block 0.200 2.0 n/a 17.3 4.9 Unstable 0.66
17 Corps Block 0.143 1.0 n/a 12.8 6.8 Stable 1.22

18 Corps Block 0.143 2.0 n/a 16.5 12.0 Unstable 0.73
19 Corps Block 0.143 1.2 n/a 14.5 7.9 Unstable 0.96

20 Corps Block 0.030 n/a 2.0 6.5 2.2 Stable 2.95
21 Corps Block 0.030 n/a 2.0 7.9 2.3 Stable 2.27
22 Corps Block 0.030 n/a 2.0 11.5 2.5 Stable 1.27
23 Corps Block 0.030 n/a 2.0 13.2 2.5 Stable 1.00

24  Corps Block 0.030 n/a 2.0 14.0 2.6 Unstable 0.90

n/a = not applicable
Orange cell identifies test used to calibrate C, value
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Figure 8.3: Corps Block SF Computed from the New SF Method with C, = 0.115
Calibrated from Channel Data

8.4 DISCUSSION OF CONSIDERATIONS, RECOMMENDATIONS

AND LIMITATIONS

The moment stability analysis approach is a simplified model of a complex
physical phenomenon. Inter-block friction is not represented in the moment stability
analysis and is encompassed within the calibrated lift coefficient, C.. Therefore,
coefficient extrapolations based on varying block thicknesses, block footprints, and block
weights should not be employed without further research and verification.

Performance testing at overtopping depth intervals smaller than 1.0 ft is
recommended based on the database safety factor evaluation. As illustrated by the CSU
Petraflex data in Figure 8.2 where the 1.0-ft and 2.0-ft overtopping test safety factors
were 1.41 and 0.91, respectively, there can be a large gap between safety factors
computed from 1.0-ft overtopping depth intervals. Since the system critical condition is

within these two overtopping depths and lift coefficients must be computed from a stable
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condition, testing at smaller intervals, such as 0.5-ft, would provide a more precise
identification of the lift coefficient.

Verification of the developed safety factor equation was limited to the database
limitations. A summary of the database limitations is provided by the following:

¢ Overtopping embankment slopes ranged from 0.230 to 0.501 ft/ft;

¢ Overtopping depths ranged from 1.0 to 4.0 ft;

® One channelized condition with a side slope of 2H:1V; and

¢ Exclusively non-vertical interlocking blocks.

8.5 SUMMARY

Safety factors were computed using the safety factor method developed in
Chapter 7 for the tests within the database. Calibrated lift coefficients for the 30S,
Petraflex, and Corps Block systems were 0.0972, 0.0207, and 0.115, respectively. The
new safety factor equations proved successful in predicting system stability for twenty-
three out of the total twenty-four tests, which is a 96% success rate. The stable 2.0-ft

overtopping FHWA 30S test was conservatively predicted as unstable.
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 OVERVIEW

The focus of the presented research was to evaluate existing ACB design methods
with a full-scale database and develop a comprehensive design methodology applicable
to channelized and overtopping hydraulic conditions. Existing ACB design methods,
Clopper (1991) and NCMA (2006), compute a safety factor using a moment stability
analysis approach. To date, verification of the Clopper (1991) and NCMA (2006)
method has not been conducted with a database encompassing both channelized data and
overtopping data with a range of bed slopes and embankment lengths.

A literature review revealed that testing and evaluation of ACB protection
systems has been conducted by CIRIA, FHWA, USACE, and CSU dating back to the late
1980s. Overtopping hydraulic conditions were the primary form of testing ACB armored
embankments with the exception of Abt et al. (2001) which tested channelized flow
conditions. Further results from the literature review include the identification of ASTM
D7277 (2008) and ASTM D7276 (2008) as the current state-of-the-practice for testing
and evaluation of ACB protection systems and NCMA (2006) as the current state-of-the-
practice for ACB system hydraulic design.

Clopper (1991) and NCMA (2006) present extrapolations of safety factor methods
developed by Stevens and Simons (1971), Julien (1998) and Julien and Anthony (2002)

for mild-slope, low-velocity hydraulic conditions to high-velocity, steep-slope conditions
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associated with embankment overtopping environments. Through the investigation of
assumptions, the most unsuitable assumption for the high-velocity, steep-slope example
was identified as the assumption of equal lift and drag forces, which was determined to
be non-conservative for velocity values greater than approximately 10 ft/s.
Trigonometric simplifications and the computation of the angle # were also identified as
inapt assumptions for the investigated example.

A database was developed for the purpose of evaluating the Clopper (1991) and
NCMA (2006) safety factor design methods. The database included three ACB systems:
1) 30S, 2) Petraflex, and 3) the Corps Block. The 30S dataset was composed of nine total
overtopping tests on four different installations. Discharges ranged from 8.0 to 90.5 cfs,
embankment slopes ranged from 0.230 to 0.499 ft/ft, and embankment lengths ranged
from 13 ft to 40 ft for the combined 30S dataset.

The Petraflex dataset was composed of five total overtopping tests on two
different installations. Discharges ranged from 10.0 to 93.0 cfs, embankment slopes
ranged from 0.437 to 0.501 ft/ft, and embankment lengths ranged from 13 ft to 20 ft for
the combined Petraflex dataset.

The Corps Block dataset was composed of eleven total tests including five
overtopping tests and six channelized tests. Discharges ranged from 9.8 to 28.5 cfs,
embankment slopes ranged from 0.143 to 0.200 ft/ft, and a constant 20-ft embankment
length for the Corps Block overtopping dataset. The Corps Block channelized dataset
had discharges ranging from 29.0 to 125.0 cfs.

Hydraulic analysis was conducted on the database to provide shear-stress and

flow-velocity values for the assessment of the Clopper (1991) and NCMA (2006) safety
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factor equations. Subsequently, safety factors were computed using the Clopper (1991)
and NCMA (2006) safety factor equations for the tests within the database. Both the
Clopper (1991) and NCMA (2006) safety factor equations proved inadequate at
predicting system stability for the 30S and Corps Block datasets. The Clopper (1991)
and NCMA (2006) methods were both successful at predicting stability for 100% of the
Petraflex dataset, which was a limited dataset with tested embankments slopes of 0.437
and 0.501 ft/ft. Both the Clopper (1991) and NCMA (2006) safety factor methods
predicted the point of instability correctly for five out of the nine tested installations,
which is a 56% success rate.

A new methodology for safety factor computation was developed for stability of a
rectangular particle on a channel side slope and on a channel bed. Computation of the lift
force for the safety factor method uses the flow velocity with a calibrated lift coefficient.
Additionally, expressions for computation of the weight force distribution which
correctly account for the bed-slope contribution were utilized. Table 7.1 provided a
summary of the new safety factor equations.

Safety factors were computed using the new safety factor method for the tests
within the database. Calibrated lift coefficients for the 30S, Petraflex, and Corps Block
systems were determined to be 0.0972, 0.0207, and 0.1135, respectively. Collectively, the
new safety factor method predicted the point of instability correctly for eight out of the
nine tested installations, which is an 89% success rate. Additionally, the new safety
factor equations proved successful at predicting system stability for 96% of the individual

tests; twenty-three tests were predicted correctly out of the total twenty-four tests.
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9.2 CONCLUSIONS

Conclusions for the ACB safety factor research are as follows:

The shear-stress value computed using the current state-of-the-practice
analysis method (ASTM D7276, 2008) was less than 1% different than the
shear-stress value reported for the 30S 1.0-ft overtopping test in Clopper and
Chen (1988).

The shear-stress value computed using the current state-of-the-practice
analysis method (ASTM D7276, 2008) was 14% less than the shear-stress
value reported for the 30S 2.0-ft overtopping test in Clopper and Chen (1988).
Shear-stress values computed using the current state-of-the-practice analysis
method (ASTM D7276, 2008) were an average of 72% less than the shear-
stress values reported for the 30S and Petraflex 4.0-ft overtopping tests in
Clopper and Chen (1988).

Clopper (1991) and NCMA (2006) safety factor equations proved inadequate
at predicting system stability for the 30S dataset by correctly predicting the
point of instability for a maximum of two out of the four 30S installations.
Clopper (1991) and NCMA (2006) safety factor equations proved successful
at predicting system stability for the Petraflex dataset by correctly predicting
the point of instability for each of the two Petraflex installations.

Clopper (1991) and NCMA (2006) safety factor equations proved inadequate
at predicting system stability for the Corps Block dataset by correctly
predicting the point of instability for a maximum of one out of the three Corps

Block installations.
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e New safety factor equations were developed which incorporated a lift
coefficient for the computation of the lift force. A summary of the new safety
factor equations was provided in Table 7.1.

e The new safety factor equations proved successful at predicting system
stability by correctly predicting the point of instability for eight out of the nine
total combined 30S, Petraflex, and Corps Block installations.

e Performance testing at overtopping depth intervals smaller than 1.0 ft is
recommended to allow for lift coefficient determination with greater

precision.

9.3 RESEARCH RECOMMENDATIONS

The developed safety factor equation provides a tool for design and assessment of
ACB stability; however, as technology evolves and environmental conditions change, the
applicability of the design method should be reevaluated. Several areas of further related
research have been identified from this study. Although the database used for evaluating
the safety factor equations included multiple blocks and varying hydraulic conditions, a
more detailed database could provide further advancements in the moment stability
analysis assessment. Specifically, the addition of more channelized performance data
would improve the existing database.

Furthermore, lift coefficient extrapolations based on varying block thicknesses,
block footprints, and block weights should be further researched. Theoretical

extrapolations could be developed similar to the extrapolations presented in NCMA



(2006). However, considering the context of the lift coefficient within the safety factor
equation, developed extrapolations should be verified using test data.

Another area of recommended research is evaluating the sensitivity of ACB
system performance to varying underlying filter layers. Filter layers can be composed of
geotextile, graded granular media, or both. Effects of varying filter designs are not
addressed in current literature.

Finally, further research is recommended on the hydraulic evaluation of
overtopping data. Multiple ACB tests have been conducted and reported shear-stress
values were observed to vary more than 200% dependent upon the overtopping flow
depth and analysis method. Research providing “typical” shear-stress values for a range
of embankment lengths, Manning’s roughnesses, and overtopping flow depth would

prove invaluable for engineers interpreting reported performance data.
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Table A.1: Available Data for FHWA Petraflex Testing (Clopper and Chen, 1988)

Run Number : 49 Data of Test : 09-22-87 Start Tiea : 10:00 AM
30i1 Type : TYPE I, w/ PETRAFLEX Ouration : 10 Mours * End Time : 8:00 PM
Overtopping Depth : 4.0 ft Watesr ‘Surface Drop: FF Photographs: YES
Side 3lope : 2:1 ODischarge : 96.0 CFS Vidao Tapa : YES

Tima Station Embankment Ha\tar Surface Maas Flow Corr Flow Ave val EGL Elav

(hr) Nusber Elev. (ft) Elav. (fest)  Oepth (ft) Depth (ft) (re/s) (rt)
0.0 18.0 5.47 .55 4.08 4.08 5.882 10.087
9.0 18.0 6.06 9.30 3.24 3.2¢4 7.407 10.152
0.0 20.0 8.06 9.10 .04 3.04 7.895 10,068
0.0 22.0 6.01 8.70 2.6% 2.59 8.822 3. 936
0.0 24.0 6.04 8.50 2,46 2.46 9.756 9.378
0.0 26.0 5.05 8.25 2.20 2.20 10.909 10.098
0.0 28.0 5.368 8.20 2.24 2.24 10.714 9,983
0.0 3o0.0 5.89 8.10 2.21 2.21 10.860 9.931
0.0 32.0 5.91 8.00 2.08 . 2.09 11.483 10.048
0.0 34,0 5,96 7.75 1.79 1.79 13.408 10.541
0.0 38.0 5.72 7.55 t.83. 1.83 13,115 10,221
3.0 38.0 5.05 6.30 1.85 - 1.85 14,511 10.170
0.0 40.0 4.04 5.76 t.72 1.54 15.608 9.543
0.0 42.0 3.08 484 1.568 1.39 17,209 9.238
0.0 44,0 . Tz2.10 3.61 “1.5% 1,38 17.179 8.518
0.0 46.0 1.29 2.67 1.33 1.23 19.453 8.546
0.0 40.0 0.78 2.05 1.29 1.15 20.811 8.77%
1.0 18.0 5.39 9.80 4.21 421 5.701 10.105
1.0 18.0 8.07 9.35 . 3,28 3.28 7.317 10.181
t.o 20.0 8.42 2.00 2.58 2.58 9.302 10,344
1.0 22.0 8.04 '8.70 2.66 2.66 9.023 9.964
1.0 24.0 8.01 8.35 ‘ 2.34 2.34 10.256 3.983
1.0 28.0 5.38 8.15 2.7 2.17 11.060 10.049
1.0 28.0 5.97 8.10 2.13 2.13 11.268 10.071
1.0 30.0 5.30 - 8.10 2.20 2.20 10.909 9.948
1.0 32.0 5.88 8.00 2.12 2,12 11,321 9.9%0
1.0 34.0 5.35 7.90 1.95 1.95 12.308 10.282
1.0 36.0 5.83 7.5% 1.72 1.72 13,953 10.573
1.0 3s.0 4.97 8.89 1.72 1.54 15.508 10.473
1.0 40.0 3.93 5.62 1.89 1.51 15,885 9.538
1.0 42.0 2.98 4.80 1.62 1.45 16.571 8.864
1.0 44.0 2.12 3.69 1.57 1.40 17.099 8.230
1.0 48.0 1.14 2.80 1.48 1.3t 18.3a7 7.850
1.0 48.0 0.78 2.10 1.32 1.18 20.338 8.523

Note : A value of -0~ indicates data point not taken
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Table A.2: Available Velocity Data for FHWA Petraflex Testing (Clopper and

Chen, 1988)

Run Number : 49 Date of Teat : 09-22-87 atart Time
So0i1 Type : TYPE I, W/ PETRAFLEX Duration : 10 Hours End Time
Overtapping Oepth : 4.0 ft Water 3urface Drop: FF Photaographs:
Side Slope : 2:1 Discharge : 96.0 CFS Vidoo Tape :
Time Station Velocity (ft/s) .
(hr) Nuz=ber 0.2 depth 0.6 depth 0.8 depth
0.0 18.0 3.a0 4.00 3.70
‘0.0 20.0 7.80 §.50 8.40
0.0 24.0 8.80 9.70 8.30
0.0 28.0 10.80 10. 50 10.00
0.0 32.0 10.30 11.00 10.80
0.0 38.0 10.30 12.80 13.30
0.0 40.0 15.00 15.30 15.20
0.0 44.0 18.50 18.30 18.20
0.0 48.0 -0~ 20.00 -Q=-
1.0 16.0 4.680 5.70 4.50
1.0 20.0 7.30 7.60 7.90
1.0 24.0 3.50 9.50 3.00
1.0 28.0 -0- 10.20 10.00
1.0 32.0 10.20 11.00 10. 8¢
1.0 38.0 ~0- 11.50 13.20
1.0 40.0 15.60 t5.70 15.80
1.0 44.0 18.50 18.20 18.00
1.0 48.0 19.20 19.30 19.80
2.0 16.0 5.00 5.680 4.60
2.0 20.0 4.30 8.40 8.20
2.0 24.0 9.680 9.50 9.10
2.0 28.0 -0~ 10. 50 10.10
2.0 32.0 -0- 11,10 10.90
2.0 36.0 10. 40 12.50 13.30
2.0 40.0 15.30 15.50 15.40
2.0 44.0 18.50 18.20 17.70
3.0 16.0 4,10 5.80 4.30
3.0 20.0 7.80 8.30 8.10
3.0 - 24.0 9.50 9.60 3.40
3.¢ 28.0 10.60 10,80 10. 80
Note : A value of -0- indicates data point not taken
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Figure A.1: FHWA Petraflex 4.0-ft Overtopping Water-surface Profile (Clopper

and Chen, 1988)
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Table A.3: FHWA 30S 1.0-ft Overtopping Data (Clopper and Chen, 1988)

Rum Nuwner @ 46 Date of Test :09-51-87 Siart Time : 7:00 AW
Soil Type : TYPE 1, ARMORFLEX Duration 3 18 Hours End Time : 95:00 PM
Overtopping Depth : 1.8 ¢ Water Surface Drop: FF Photographs: YES
Side Blope : 2:1 Discharge ¢ 13.8 LF§ Video Tape :  YES

Tine Btation Embaniment Hater Surface Meas Flow Eorr Flow flve Vel  EGL Elev

{hrj Number Elev. (fti Elev. (feet]  Depth (ft) Depth (Ft) (ft/s) {ft)
8.0 16,8 RS 7.86 e 1.02 3. 382 7.238
2.2 18.9 6,85 6.9 2.8 i P it O 7.173
2.9 20.0 6.96 B.80 8. 74 0.74 4,662 7.138
2.9 22.8 %9 .99 - 183 1.03 3.359 7. 164
2.2 24.0 6.86 EB.79 2.73 %.73 4,726 7.137
2.9 26.0 6.22 6.64 2.62 9.62 9. 969 7.121
2.2 : 28.8 3.97 .58 2.61 0.61 9. 656 7.877
a0 30.0 o 94 6.60 .66 8,66 5. 227 7.824
2.0 32.0 5.92 6.54 B.62 8.62 5. 565 T.21
2.9 34.0 5.99 6.60 2.7 .7 4. 929 6. 977
8.0 36.0 5.79 6.30 .51 2.51 B. 763 T.811
a2 38,8 4,9 530 B39 8,35 9, 895 5. 828
2.0 40,9 3,83 4,30 0.45 8.40 B.576 5. 542
8.2 2.9 3.e0 3.28 0.28 0.25 13.782 6,232
g.2 44,0 2,02 2.32 0.20 e.a21 12,864 4,889
ae 46.@ i.26 154 828 .85 i3.782 4.478
2.8 48,0 8.58 2.90 0.2 2.29 12.860 3.158
0.8 50,0 .48 - 0.85 8.7 .33 10,430 2,539
1.0 16.90 5.62 7.96 1,44 1. 44 2,396 7.149
1.0 18.¢ 5.98 £.97 2.9 8.99 3. 485 7.159
1.0 20,0 6.08 6.54 .% 8.9 3.750 - 7138
.9 22,9 5,88 6.98 b .18 3.136 7.133
1.9 24.9 6,06 6.84 2.78 8.78 4,423 7. 144
1.@ 26.0 6.92 6,64 8.62 @.62 5. 569 T.124
.8 28.9 9.97 B.58 .61 2,61 9. 656 7.677
1.0 30.8 5.91 .55 0.64 0.64 5. 391 7,001
1.0 320 5.98 B.58 9.68 0,68 5.074 ]
.0 : 3.9 5.98 6.57 8.67 0.67 5.149 b. 982
1.9 36. @ 5,80 b. 32 .52 @ 52 b.b35 7. 004
1.9 38.0 4,92 5.33 B.41 0. 37 9.412 6. 706
1.9 48,0 3.83 4,28 .45 9, 42 8.578 9. 402
1.9 42.9 2.95 3.7 i 8.8 12. 549 3676
LB 45,0 2.oe 2.28 9.28 9. 25 13.782 5.230
1.2 56,0 1,18 1.53 233 8.3t 11,826 3.518

Note * A value of -@~ indicates data point not taken
Page : 1
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Table A.4 (continued): FHWA 30S 1.0-ft Overtopping Data (Clopper and Chen,

Time
thr)

1.8
llﬂ

2.0
28
29
2.0
2.2
2.9
20
2.2
2.9
2.0
2.0
2.0
&8
2.9
2.8
2.8
2.9

3.0
3.8
3.0
32
3.0
3.0
3.0
k8
3.8
3¢
3.0
5¢
3.0
3.9
3.0
3.0
2.8

50
4.0
58
4.0
5,0
4.8
5.0

1988)
Btation Exnbankment Hater Surface Meas Flow Corr Flow Ave Vel  EBL Elev
Number Elev. (ft) Elev. (feet)  Depth (fH) Depth (ft) {ft/s) {ft)

40,9 9.52 2.9 9.38 8.34 10,155 2.5
50.0 .45 .80 .35 2.31 . 11,086 2. 688
6.8 5.58 7.8 1.48 1.48 2.334 7. 144
16,8 5.86 6.99 1.13 1.13 3.953 7.135
20,0 5.97 6.97 1.00 1,680 3.450 7. 185
22,8 5. 84 E.95 f.11 1.1t 3.108 7.100
24,0 F. 2B 6. 84 2.78 2.78 4, 423 7. 144
26.0 6.23 5.63 2.6 0.6 3. 759 1.143
£8.@ 5.97 B.57 ¢.60 2.60 5.75% 7.083
30.0 39 6.53 @.62 6. 62 3. 565 7.811
2.0 5.90 6,35 0.65 @.65 9. 328 E6.987
34%.0.. 5.9 - B55 . BES . B.E65 .5, 308 6,987
3.8 5.79 6.28 .49 2.49 7. 0841 7,850
8.8 4,92 5,30 2.38 0. 34 10,155 6. 981
4.0 3.83 4,28 Q.43 Q.48 8,576 9,422
42.9 2.97 3.32 8,35 8.31 11,026 5,288
A4, 2.00 2.89 2.29 9.26 13. 387 5. 040
46,8 1.17 1&g 0.29 2.26 13,307 4210
48, 2.56 @.87 2.31 2.28 12, 449 3.276
16.9 5,54 1.86 1.52 .52 2.278 7. 140
18,0 085 6.99 114 1. 14 3. 826 7.132
20,0 0.90 6.96 1.8 1.86 3.2595 7. 124
2.8 &8 6.9 1.13 1.13 3.052 7.833
24,8 6. 86 6.483 .77 .77 4,481 1,142
2h.8 6.3 .62 .59 2.9 5. 847 7.151
28.8 597 b. 55 2.58 g.58 5.948 7.69%
0.0 5.9 6.52 9.61 @.61 5.656 1.017
2.0 5. 90 B. 56 2.86 8.66 5.287 6. 584
24,0 5.50 6. 54 0, B4 @. 64 5.3%1 6.991
k.0 .79 6.30 8,51 .5t 6. 760 7.811
38.4 4,92 5.3t 0. 39 8.3 3.8%3 6. 838
40,0 3.63 4,87 2. 44 0.3% B.77¢ - - 5.45%
42,9 &.97 3.3 2.3 .30 11.350 5.310
44,2 2.0 g.e9 2.29 0.2b 13. 307 5. 640
4.0 1.17 1.46 2.29 e.7b 13,397 4,210
48,0 8,58 8.87 4.3t ] 12. 449 3. 276
16.9 5.52 1.06 i, 54 .54 2. 240 7.138
18.8 5.82 6.99 1.17 1.17 2.949 7.185
20.9 5.83 6.97 i.1g 1.12 3. 080 7.117
22, 3.81 B. 96 1,15 .13 3.000 1.1068
ok @ 6.06 B. 82 0TR 2,76 4.539 7.140
26, @ 6,83 6.61 .38 @.58 5. 948 7,159
28.2 5.97 6.55 8.58 2.58 5. 948 7.639

Mote 1 A yalue of ~B- indicates data point not taken
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Table A.5 (continued): FHWA 30S 1.0-ft Overtopping Data (Clopper and Chen,

1988)
Time Station Embankment Water Surface Meas Flow Corr Flow fve Vel EGL Elev
{hr) Number Elay, {ft) Elev. {(feet) Deoth (ft) Depth (ft) {ft/8) {f&)
5.9 30.8 5.9 6.51 2.60 8.60 &, 700 " 7.0
4, % 32.8 5.598 6.57 8.67 B8.67 5. 149 . & 92
&9 34,0 'R 6.33 .63 .63 5. 476 6. 936
4.9 36.9 579 6. 38 2.3 .51 B. 765 7.011
4,0 38.9 4,92 .20 g 38 0,34 19, 153 6. 991
4.9 4.0 - 383 4,26 B.43 @.38 8,973 9. 911
4,9 2.9 2.97 3.3 233 2.30 11,694 5423
4,9 44,0 - 2.28 9.28 8.2 13.782 5.230
4.9 46,0 1.17 1.45 .28 C 0.8 13.782 &, 43
49 48,8 8.5 .86 2.31 8.28 2. 449 " 3.266
5.8 16.9 5.5€ 7.84 .52 1.82 2.27¢ 7. 129
5.8 18,8 %82 7.00 118 1,18 2,924 1.133
5.0 : 20.2 - 5B 6.97 1.16 1.16 2,974 7.187
5.8 2.0 - 5.2 . . B.97 S % i A (.18 3. 088 T.11%
50 24,8 6.6 6.83 6.719 a.73 4,367 7.166
5.0 26,0 6.02 5.63 0.61 8,61 5. 6396 7127
3.9 28.@ 5.56 6.35 @.60 " 9.6 5. 790 T.873
L 36.8 -1 €. 54 @.63 8.82 5.476 7.086
5.8 3.0 5.90 6.97 0.67 .67 5.149 6. 337
R 34 @ - 5,89 6. 54 2.65 @.65 5. 308 6.977
5.9 36.0 579 6.31 8,952 .52 6.833 E. 994
5.8 38.0 5,92 5. 38 2.38 8,34 i@, 155 6.901
5.0 49,9 -5 §.25 Q.42 2.8 9, 188 5. 364
5.0 42,0 2.97 3.4 8.34 @, 38 11,359 5310
5.0 44,9 . A0 2.&7 ‘9.87 8. 24 14,233 0. 442
5.9 46,8 .17 1.45 2.28 8.25 13,762 4. 507
5.9 _ 48,0 R ) .85 0.3 - 0.28 12,449 3. 836
6.9 16.9 . 593 7.83 . t.E- 1.52 2.e7 7.138
B. G 8.9 5.83 6.99 .16 .16 2.974 7.127
&4 .0 . &Y 697 1.18 .18 - &% 7.183
6.9 22.@ 577 6.98 1.2l i.21 2.851 7. 186
6.8 24,0 . 5,86 6. 79 0.93 8.53 3710 7. 14
6.0 26.9 6.0g 6.6l .59 8.59 5847 T.1&l
6.0 £8,0 5,97 b.50 0.58 2,58 5,948 7.639
6.0 Jja.e 3.9 6.33 0.6¢ 2.68 3. 363 T.011
6.9 32,6 5.99 6. 5% d.64% a.64 5.391 6. 941
6.9 4.6 5.9 6. 54 0.64 8. 64 5,391 £.991
6.0 36,9 .79 &.27 ) 2.48 0,48 7.188 1.072
E.0 8.8 © 4,90 5.29 9.39 8.35 9.895 b. 812
6.9 : 40,8 3.85 4,26 2.41 2. 37 9,412 5,836
.0 ' 42,9 2.97 3.32 2.35 .31 11.@26 5. 608
6.0 44,9 2,62 2,34 Q.38 2,23 12. 868 4,538
6.2 45,8 1.15 1,32 2.37 8.33 10. 438 3.209
6.0 48,0 8,53 8,88 2,35 2.3 11.026 2,768

Note : # value of -§- indicates data point not taken
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Table A.6 (continued): FHWA 30S 1.0-ft Overtopping Data (Clopper and Chen,

1988)

Time Station Embankment Water Burface Meas Flow Corr Flow five Vel  EBL Elev

thr) Number Elev. (ft) Elev. ifeet) Depth (ft) Depth (ft) ift/s) {f)
7.0 i6.@ 5.53 7.24% 1.51 .51 2.285 7. 121
7.0 i8.e 5.83 6.99 116 1.16 2,974 T.187
7.0 22.¢ 5.82 6.97 1.15 1.15 3.000 7.110
7.2 22.0 5.76 6.9 1.20 .22 2.873 7.288
7.9 4.0 6.26 6.85 a.79 879 4, 367 T.145
7.9 26.0 6,02 6.60 0.58 @.58 5.5%48 7.149
1.0 28.% 3.9 6.5 2.58 2.58 5.948 7.293
7.0 0.9 59 £.53 0.62 0.62 3. 9R3 7.811
7.2 32.9 5.99 6. 34 .64 2. 64 3.3 6. 991
7.8 35,9 5.99 635 0.65 2.65 5,308 6. 987
T.0 3.0 273 E. 26 .47 8.47 7.340 7.897
1.0 38.8 4,93 5.28 2.38 2. 34 16, 155 6. B8l
7.8 ) 42.0 3.85 &8 . e 03 9,188 5.981
7.8 4.9 297 3.3 S B3 8.3 L3 530
7.8 44,0 2.02 2,33 2.31 9.28 12. 449 4,736
7.8 46,0 1.15 .52 2.37 2.33 10. 420 3.209
7.0 48,0 2.52 8.87 0.3 2.31 i1.0e26 2. 758
8.a . 6.2 5.92 7.04 1,58 .52 2,27 “1.120
8.8 18.% 53.83 6.99 .16 .16 2.974 7.127
8.8 20.6 5.82 6.97 .15 1.15 3. 00e 7.118
B 22.9 5.76 6.95 .19 .19 2.899 7.081
8.8 249 6. 06 6. 84 2,78 e.78 §.423 7. 145
8.0 26.0 6.02 6.6 0.59 8.59 . 5847 7. 141
8.0 28.0 597 | T 0.58 8.58 5.948 7.099
8.9 30.e 5.91 - 6.52 8,61 0.61 5. 636 7.017
8.9 2.0 5.98 6.54 a.64 0.64 9.39% 6. 931
e 34.0 5.99 6. 54 .64 0.64 g.39 €. 991
8.2 36.8 5.79 6. 27 0.48 0,48 7.188 7.072
8.2 38,2 4,39 5.28 2,38 8.3 10,155 6881
B.0 40,8 3.85 4,27 8. 42 .28 9,188 5.581
8.0 i2.0 .97 3.3 .33 8.0 11.634 5.423
8.2 44,0 .2 2.33 n. 3@ @.29 12. 068 4,588
8.9 46,0 1.15 1.58 .37 .33 10,430 -- - 3.289
B.2 48,0 0.53 0.88 2.35 2.3t 11.826 2.768
9.8 16.@ 5.52 7.0 1,58 1.5 2.279 1.128
9.8 18.9 5.83 6.9 1,16 - 416 2.974 1. 127
9.0 20,9 5.82 6. 97 115 1.15 3. 000 ‘1.110
9.9 2.0 373 6.95 1.20 1.20 2,875 71.078
9.0 4.2 6.06 6.85 a.79 9,79 4, 367 1. 146
2.9 6.0 6.02 b.61 8.59 9.39 3. 847 Tat41
9.¢ c8.0 5.97 6. 54 0. 57 .57 £.253 7. 189
9.0 38,0 59 6.53 e, 62 2.62 5.565 7.011
9.8 .2 5.99 6. 54 0. 64 0.64 5.391 6.991
9.2 35.0 5.5 6.58 .60 Q.60 979 7.813

Note : A value of -@ indicates data point not taken
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Table A.7 (continued): FHWA 30S 1.0-ft Overtopping Data (Clopper and Chen,

1988)
Time Station Embarkmert Hater Surface Meas Flow Carr Flow five ¥l EGL Elev
{hr} Numbar Elev. {ft) Elev. (feet) Depth (ft) Depth () {ft/s) {ft)
9.8 36.0 379 6.27 8.4B @.48 7.188 1.872
5.0 8.0 4,58 5.27 8.37 2.3 12,438 6. 959
.2 49.0 3.85 4,26 a4 %37 9.412 5.636
9.0 4.8 .97 2.30 833 2.30 11.6% 5. 423
3.8 44,9 2,91 2.3 2,3t 9.28 12, 449 4,728
9.0 46,0 1.15 1.5¢ 8.35 . 31 11.826 3.388
5.9 43,8 2.53 9.87 0,34 2.3 11,352 2. 678
ie.n 16.@ 5.52 7. 24 t.32 1.52 270 7,128
10.9 iB.8 5.83 6.39 1,16 1,16 2.974 1.187
13.6 2e.8 S.82 6.57 115 L15 3.008 7.116
0.9 £2.0 5.79 B.36 1.84 j.21 2. B3} 7.086
18.0 24.8 6. 06 6,85 : 2713 a7 &, 367 7.146
12,8 26,2 5,52 6.60 2.38 858 58 43
10,0 28.2 597 6. 54 8.57 8.57 6.0853 7.189
a2 .8 39 6.53 0.68 0.62 5.565 7.811
12,0 2.8 3. 9@ £.53 @.63 G.63 5. 476 6.936
1.8 34.8 5.9 6.53 2.63 8.63 5.476 6. 936
ig. @ 36.2 573 &.27 8.48 0.48 7.188 7.872
2.9 i8.¢ 4,98 587 2.37 9,33 18.43@ . B.999
18.8 4.0 3.83 4,28 0.41 .37 9.412 9.6386
0.0 B2.G 2.97 3.3 0. 34 2.38 11,350 3318
10.2 4.0 2,61 2.33 @.32 8.29 12. 060 4,588
12.@ 46.0 1,48 1.50 0.5 0.3 11.926 1,368
18.0 48.0 2.53 8.87 8. 34 2.3 11,350 2,679

Motz : fi value of -G~ indicates data point not taken



Table A.4: FHWA 30S 1.0-ft Overtopping Velocity Data (Clopper and Chen, 1988)

Ren Number 1 44

Boil Typa : TYPE 1, ARMORFLEX
Overtopping Depth @ L8 7

Gide Slope 1 2:1

Tine
{hri

2.2
0.8
2.0
8.9
6.0
2.8
8.2

Date of Test :89-81-87
Duration @ 18 Hours
Hater Surface Drop: FF

Discharge ¢ 13,8 CF8

Start Time :
End Time :
Photographs:
Video Tape :

Btation Veloeity {fi/s)

Number 2.2 depth 2.6 depth 0.8 depth
16.0 2.30 2. 40 2,08
20.0 4,00 4,10 -8
24.9 4,40 4,40 -2-
2B.0 5,60 5.6e -0~
32.0 5,60 5. 62 -2~
36.2 7.0 7.2 -~
49.0 11,60 11.60 -

Mote 1 B value of -B- indirates data point not taken
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7:00 M
3:00 PM
YES

YES -



L8I

ELEVATION (FT)

12.0

8.0

4.0

0.0

RUN NUMBER:

44 hour tou ¢t
4] 60 0.191
1 46 0.4
2 54 04163
3 5.4 Q.166
il + 48 0.140
5 43 o118
6 &3 0237
) &5 021
o | 7 0257
| 7 0210
10 72 023
l ! l { ] lli} |
0.0 8.0 16.0 24.0 32.0 40.0 48.0 56.0

DISTANCE (FT)

Figure A.2: FHWA 30S 1.0-ft Overtopping Water-surface Profile (Clopper and Chen, 1988)




Table A.5: FHWA 308 2.0-ft Overtopping Data (Clopper and Chen, 1988)

Run tlumbar 1 45 Date of Test :@3-69-87 Btart Time 1 7:0@ AM
Soil Type : TYPE I, ARMORFLEX Duration & 1@ Hours Erd Time @ 5:00 PM
Overtopping Depth : 2.8 ft Water Surface Drop: FF Photographs:  YES
Side Slope @ 2:1 Discharge @ 34.8 CFE Video Tape :  YES

Time Station Embanhmert Hater Surface Meas Flow Corr Flow five Vel  EBL Elev

thr} Number Elmv. (D) Elev. ifeet)  Depth L) Depth (ft} 1ftis) ift)
o0 16,2 £.81 7.97 1.9 1.9 4.658 8.3¢4
.2 . 18.9 6.22 7.84 i.82 1.82 5.087 8.232
2, 8.9 E.25 7.88 1.74 1.74 3.259 8.229
2.0 2.8 . 1@ 7.83 1.73 .73 3.289 B.264
0.0 24,9 6.12 7.62 1.50 1.50 6. 1008 B.198
6.0 6.9 6. 04 7.43 1.39 1.39 £.583 B.183
0.0 eh.2 B.81 7.15 i.14 1.14 B.@28 8.150
22 ‘ 3.0 S5.88 7.16 1.28 1.28 7. 148 7.953
e.2 3.8 5.B8 7.13 1,85 1.25 7.320 1.862
29 3.2 5.88 7.04 116 .16 7.588 B. 008
2.8 36.0 5.7 6. 76 1.2 .08 9.158 B, 660
B2 3.9 4,91 3.90 3,99 8,89 1@, 338 7.558
2.8 43,9 3. 88 4,82 0.9 0. 88 f@.a83 B. 661
.8 42,9 2.93 3.6 @61 2,58 16.779 7.974
2.0 44,8 2.C4 2.64 2.60 0.94 17.838 7.158
0.8 4.9 1.23 1.81 B.58 4,52 17.846 5. B45
0.0 4.8 6.59 1.18 2.9 0.53 17. 347 5.853
A 7.0 2.5 -8 - -2~ -B- -@-
1.8 16.@ 5. 74 1.95 2.2l 2.21 4, 140 8,216
.8 8.0 5.82 7.04 g.ez 2.2 4,330 8.159
1.0 20.@ 5.76 7.80 2.04 2.0% 4,585 - - - 8,117
1.9 B2.8 5.78 7.85 2.15 215 4, 256 8.131
1.2 246 6.04 7.84 160 1.68 5.719 B. 148
.2 26.0 6. 20 7.42 L& 1,48 6. 444 8.865
1.8 2.3 3.9% 1.18 .22 I < 7.5 8.633
1,2 0.0 5.92 1.17 .85 1,85 7.320 8, 02
.9 2.0 5.91 7.13 .24 1,24 7.379 7.995
.9 34,9 5.91 1.04 1.13 1.13 8.297 B8.838
1.2 36.0 5.78 6.78 1.08 1,00 9,152 8.060
1.2 3. £,85 5.87 i.e2 a.91 10. @34 7.433
1.9 4.9 3.8¢ 4,78 2.92 0. f@ 11,372 6.708
1.8 62,9 2.86 3.5 .59 .62 14,833 6. 967
1.4 44,0 1.9 2.61 a.67 2.60 15,276 6. 234
1.8 46.0 i.c@ .84 2.64 .57 15.99¢ o811

Note : R value of -@- indicates data point not taken
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Table A.5 (continued): FHWA 30S 2.0-ft Overtopping Data (Clopper and Chen,

1988)
Time Station Embanhment Water Burface Meas Flow Corr Flom fve Vel  EBL Elev
{hr} Nurmber Eley, (ff) Elev. {fest) Depth {ft) Depth (ft) (ft/s) (ft}
1.2 48,9 0.62 .19 8.57 @58 17.956 6. 196
2.2 16,2 5.4 7.9 2.54 2,54 3. 602 8. 142
29 8.8 57 7.84 287 2,87 4,420 8. 143
2.2 20.0 5. 76 7.84 2.8 2. 08 4,393 8. 140
2.8 2.2 S5.62 7.85 .23 2.23 4,103 8.1
2.0 24,0 6.04 7.64 i.60 1.66 5. 714 8. 148
e 26.9 6,80 7. b4 1. 4% 1. 44 6. 354 8.867
2.9 28.¢ 5,94 .16 1.22 1.22 7.500 8.933
2.9 30,2 5.93 7.13 .80 1.20 7.685 8.833
2.0 3.9 5.9 1.16 1.24 1.24 7.319 8,025
2.9 3.2 5.% 7.2 1. 14 .14 8,86 8. ¢c0
2.2 3.8 S8 B.79 2.97 ... 89T o 9,433 B.172
2.0 38.2 4,87 5,89 1.02 0,91 10,834 7,453
2.0 40.0 3.87 4,67 8.00 8.7 12. 794 7.212
2.8 4.8 2.9 3.62 g2 3,64 14,215 6. 758
2.0 A48 i.98 2.66 2.68 8.61 15,851 6.178
2.8 46,2 .18 1.83 273 2,65 15.02¢ 4, 882
2.2 48.9 8.62 1.19 8,57 2,51 17.956 6. 136
3.2 16.9 5.41 1.95 2,54 2,54 3.602 8. 158
3.8 18,8 376 7.87 2.11 2.1 . 4,336 & 162
50 22.9 5. T4 7.83 2.89 2.9 4,378 8,128
3.0 2.8 5.60 7.62 g.22 2,228 4,122 8, 084
3.0 24,9 B, 84 7.66 1,62 1.62 5. 648 8,155
2.0 2.8 .28 1.41 1.41 1.4 £.449 8. 064
3.2 28.@ 5,95 7.16 .21 1,21 7. 562 8,248
3.6 36,8 5,93 7.18 1.25 1,83 7.328 8.e12
%0 32, 5.93 7.16 1.23 ‘1.23 7.439 B.019
3.0 34, 5.92 1.66 1. 14 114 8,926 8.960
3.0 3.8 5.82 6.81 2.99 2.39 9. 242 8. 13
3.8 38, 4,68 5%® 1.04 @.93 9.841 7. 424
3.a 49.9 3.88 4,80 8.9 .82 11,185 &.722
3.2 42,8 2. % 3.64 0.78 0.63 14,821 - 6.950
3.0 4,2 1.98 2.66 0.68 2.61 15. 851 6.178
3.0 4.0 .20 1.82 .82 €.55 16.526 6.852
3.0 8.0 8.62 1.£0 0,58 8.52 17. 646 6,835
4,0 16.8 5.41 7.93 2,52 .52 3.631 8,135
4.0 18.0 5.76 7.88 2.1 2.10 4,357 8.155
4.0 cd. 8 5.73 7.86 g2.13 2.13 4,296 8. 147
4.0 22,90 5,61 7.82 2.21 2.21 4,140 8,886
4.0 24.0 6. 04 7.64 1.60 1.60 5. 719 8.148
4.8 6. 8 6.1 7.39 f.38 1,38 6.638 8.073
4,8 ch.a 5.9 7.19 1.2% 1,24 7.37% 8, @33
4.0 32.0 5.93 7.18 1.23 1.23 7.439 8.819

Note : A value of @ indicates data point not taken
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Table A.5 (continued): FHWA 30S 2.0-ft Overtopping Data (Clopper and Chen,

1988)
Time Station Ewbankwent Water Surface Meas Flow Corr Flow five Val  EGL Elev
thr) Nunber Elev. {ft) Elev, (feet) Depth {ff) Dapth () {(ft/s) (ft)
4.9 32.0 5.92 7.16 1.24 1.24 1,373 8,023
4.0 4.0 3.92 7.06 114 1.14 8,026 B. 6680
4.3 36.0 5.82 6.79 2.97 e.97 9.433 8.172
4.0 36.e 4,91 5.96 1,83 2.9 9.748 1435
4,2 42.4 3.86 4,76 0.98 2.8 11. 372 6.768
4.9 42.8 2.9 3.66 a.71 2.63 14,415 €. 887
4.2 4&, & 2.0 .67 2.67 .60 15.278 6. 294
4.9 48,0 1.9 1.86 8.56 8.59 15,597 - 5.594
49 48,2 2,62 .21 2,59 8.53 17, 347 5.883
5.0 6.8 S04 7.96 2. 55 2.55 3,588 B. 160
%0 8.0 9.7 7.99 2. 19 219 4,178 8. 171
5.0 0.8 5.73 7.58 217 - 2,17 4.217 8,178
5.0 : 2.2 5.60 - 7.86 . 2.86 2.86 4, 949 8,115
5.8 24.@ 6. 04 7.69 1,65 1,65 5.545 B.16A
5.8 26.2 6.01 7.49 1.48 1,48 6. 182 - 8.984
5.0 28,4 5.9 7.23 .87 1,27 7.285 B.036
5@ 30.2 5.94 7.18 1.7% 1.2 7.319 8,985
5. 32,8 5.93 7.17 1,24 1,84 7.319 8,015
540 34,9 5.9 7.09 1.17 1.7 7.821 B. 042
5.2 3.8 5.82 6.82 1,00 1.80 9.150 8.128
5.8 38,6 4.88 3.96 1.28 8.97 9.477 7.355
5.0 L 3,87 4,78 8.51 2.8! 11.247 6. 744
52 A2.8 2% 3.66 .72 @ 64 14,215 6.798
5.0 44,8 2.00 2.68 2.68 0.61 15.831 6. 198
50 4.8 .21 1.9 270 2.63 14,621 5.3
5.a 48,8 @.62 1,82 0.66 0,54 17,058 5.738
E.@ 6.9 5.4@ 7.97 297 2.57 3. 569 8. 187
E.@ 18.9 570 7.92 2.20 2.20 4,153 8.189
&0 0.9 5.73 7,83 2. 16 218 4,83 8.183
.0 ge.2 503 T.86 &.27 2.87 4,831 8.112
60 24,2 6.4 1.65 1,65 1,65 5. 540 f. 158
6.8 2h. 8 6.81 - T.45 1.48 1.48 6.182 - - B.08%
52 28.2 5.3 7.28 1,86 f.26 7.268 8.839
6.8 38.8 5. 94 7.13 1.23 1.25 7.320 8.%22
] 2.8 5.93 1.17 1.24 1,24 7.319 8.015
6.0 34.9 5.92 7.09 1,17 117 7,881 0.048
6.8 6.9 5.82 6.82 1,69 1.02 9.150 8. 120
6. @ 38.0 4,88 5.95 1,07 8.96 9.569 7.371
6.9 42.9 3.87 §77 9,93 .88 11312 6.778
6.2 2.0 2.94 3.67 @73 @,85 14, @28 6. 702
£.9 44,9 2.00 2.68 2,68 .61 15,851 £ 198
6.3 46,8 1.21 1.98 2.69 @.62 14,833 3.317
6.0 48.2 R.6¢ l.e2 2. 64 0. 56 17458 3.738

Note : A value of -0~ indicates data point not taken

190



Table A.5 (continued): FHWA 30S 2.0-ft Overtopping Data (Clopper and Chen,

1988)
Time Station Embankment Water Surface Meas Flow Corr Flon five Vel  EBL Elev
{hr} Nuwber Elev. (ft) Elev, (feet)  Depth (ft) Depth (ft) {ft/s} {Ft)
7.2 6.0 5.40 7.98 - 2.58 3. 547 8.175
1.4 8.2 5.76 7.9 2.20 2.20 4,159 8.169
7.9 0.0 5.72 7.8% 2.17 217 4,217 8. 166
7.8 22.0 G 1.87 2.28 2.28 4,013 8. 120
7.8 24.0 6.84 7.69 1.65 1.6 . 3.045 8,18
7.2 26,0 6.21 7.49 1.48 1.48 6. 182 8.@84
7.2 £8.0 5,95 7.23 1.28 1.28 7.148 8,023
7.8 38,8 5,94 7.80 1.86 126 7.062 8,919
7.2 32.0 5.93 7.17 i.24 1.24 1.313 B.e15
7.8 34,8 5.92 7.9 1.17 1.17 7.821 B. 094G
7.3 36.0 5,82 £.83 1.01 1.91 9,839 B. 124
7.9 8.0 4,08 5.94 1.06 .95 9.6% 7.388
7.8 4.0 3.88 4,78 2,98 2.8 11,372 6. 788
7.2 42,8 S 9% 3,68 S . B . 13,83 6. 630
7.8 i6,Q 2,08 2.68 .68 @. 61 19,931 B.198
1.9 i6,8 1.20 1.9 0.7@ 2.63 14,621 5.228
7.8 48,2 0.628 .2 .62 0. 54 17.058 5. 738
B.2 6.4 5.38 7.98 2.60 2.68 3.519 8. 172
6.2 18,0 572, 7.91 2,19 2.19 4.178 8. 181
8.a £e.@ 5. 74 7.91 217 2. 17 4,217 8.186
8.2 22.0 5.58 7.87 2.29 2.29 3.9% 8.118
B.@ 4. 8 6. 05 7,63 1.64 1.64 5.579 B, 172
8,2 £6.0 6.21 .47 1. 46 1. 46 6. 267 B, end
6.2 78.0 &9 7.19 1.24 1.24 1.319 B, 835
8.8 8.8 5.3 7.18 1.2% 1.24 7.374% 8. 023
8.2 320 5.93 7.2 1,23 .89 7.893 B, &2
8.2 340 5.92 7.29 1,17 .17 7.821 8.040
g.@ 36. 0 3,83 6. B4 1,81 1,81 %.¢39 B.11%
8,2 38.8 4,88 5. 9% 1,86 2,93 9,656 7.388
8.0 48,8 3.87 479 .52 8,82 11,185 B.712
8.4 42,0 2.95 3.57 @.72 0.64 14,215 6.828
8.2 44,0 1.97 263 8.68 2.61 15,851 6. 168
8.8 46,0 .28 . 1.85 .65 0.58 15. 746 5,769
8.9 48,0 0.62 1.28 2,58 .52 17,646 ---— b, 833
9,4 16.9 5.3 7.97 259 259 3.533 8. 164
9.0 18.0 5.71 7.9 2.20 £.28 4159 8. 179
%8 £0.0 374 7.99 216 2.16 4,235 8.173
9.2 £2. 8 5,98 7.87 229 2.2% 3.9% 8.118
3.0 24,0 6.05 1,69 1.64 1.64 5.573 8,173
9.9 6.8 6.81 7.48 1.47 " 1.47 6. 204 fi. 882
9.0 28.0 5.93 7.i8 .23 1.23 7.439 8.239
3.9 30.a 5. 94 7.18 1.24 1.7% 1.319 8,685
9,8 28.8 5,93 1.21 1.28 1.¢8 7. 148 8,983
9.0 34,0 592 7.89 1.17 1.17 7.821 8. 040
9.4 3&.@ 5.83 £.84 1,01 i@ 9,853 B.114

Note : A value of -@~ indicates data point not taierm
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Table A.5 (continued): FHWA 30S 2.0-ft Overtopping Data (Clopper and Chen,

1988)

Tine Station Embankment Water Burface Meas Flow Corr Flow five Vel  EGL Elev

(hr) Number Elev. (ft) Elev. (feet) Depth (ft) Depth (Ft) (ft/s) {ft)
3.2 38.9 4,88 5.93 .83 0.9 9. 748 1. 423
%¢ 40,9 3.87 4,88 0.93 2.83 11. 085 &. 641
9.0 42,0 2.95 3.66 e.71 0.63 14,815 6.887
9.2 45,9 1.98 2.65 0.67 2. 6l 15.276 6.27%
9.0 46,8 1.20 1.85 B8.65 2.58 15. 746 3. 700
9.8 48.9 8.62 .21 8.59 .53 17.347 5.8R3
ia.02 i6.@ 5.38 7.98 2,68 2.62 3.519 8,172
is.@ i6.8 5.7 7.98 . 219 219 4,178 8171
ig.0 £0.9 572 7.88 2,18 2. 16 4, 236 8,159
10.8 2.8 5,56 7.8 2,38 2.3 3.978 8. 186
19,0 24,0 6. 04 7.69 1.65 1,685 0. 349 B. 168
e - 26.0 601 . T4 145 . 1.43 6.318 8,478
16.9 : £8.9 9.95 7.19 1. 24 1.24 1.319 8.835
18.8 0.2 5.93 7.28 .27 .27 7. 265 B. 006
2.0 32.2 5.93 7.18 1.85 1.25 7.328 a.812
. 18,8 34,0 5.92 7.08 .16 1,16 7.6888 B. %46
is.0 - 3b. 5.82 6.83 1. .01 9. 859 8. 104
10.0 38.@ 4,88 8.01 1,13 1,01 8. 057 1.264
18.9 48,0 3.87 4,74 .87 @.78 11.764 6. 889
10,0 42,0 2.58 3.69 8.71 2.63 14, 415 6.917
1.2 44,9 1.98 2.68 .72 2.63 14,68} 6. 000
10,2 4,3 1,24 1.9 .69 2.62 14,833 5317
0.0 48,9 &.62 1.22 0.6 2.5% 17,938 5.728

Note : A vaiue of -@- indicates data point not taken



Table A.6: FHWA 308 2.0-ft Overtopping Velocity Data (Clopper and Chen, 1988)

Rur; Nusher 1 A5 Date of Test :09-09-47 Btart Time : T:00 AN
Soil Type @ TYPE 1, RRMORFLEX Duration : {9 Hours End Time 3 5100 PR
Overtopping Depth : 2.9 ft Water Surface Drep; FF Photegraphs:  YES
Side Slope 3 211 Discharpe 1 34,8 CFB Video Tape :  YES
Time Station Velocity {ft/s)
thr) Number 2.2 depth 2.6 depth 2.8 depth
0.0 ~ 16,2 310 . 3.20 2.90
20 ] 4,30 3.68 -g-
2.2 24.9 548 5.60 5. 80
20 26,9 7.5 1.5 7,30
8.0 .0 7.68 71.6@ 7.70
&0 3.0 - 9.22 9, 7@
2.2 42.2 - 15.08 &=
I 44,8 3= 15,58 -~
1.8 16.9 3.4@ 7. 30 3.00
1.9 0.8 4,30 4,32 b, 30
1.8 24.8 5. 40 5. 69 5. 70
1.8 28,9 7.48 7.58 .30
1.0 z.2 7.68 7.60 7.60
1.9 3.8 9,20 9. 4 9,62
1.4 43.8 14,30 14,39 14. 32
L2 4.0 -B- 16.89 -¢-
2.0 16,8 3.30 3.20 lLia
2.a 0.9 4.30 4,28 4,30
2.0 24,9 5.40 5.60 5,70
2.0 28,2 7.40 7.40 7.3
2.9 3.8 7.59 1,68 1.68
28 26. 8 9.9 9.c@ 9. 4@
2.8 42.0 14,20 14,80 14.20
2.6 44,9 -#- 17.50 -
3.0 6.9 3.40 3.30 3.10
3.2 2e.@ 4,18 4,30 4.79
3.8 24,0 5.3 5.5 5.7@
3.0 £8.8 7.50 7.52 7.30
3.8 32.8 7.5 7,68 1.6
3.9 3.8 3.1a 9,23 9,40

Note : A value of -2~ irndicates data point not taken
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Table A.6 (continued): FHWA 30S 2.0-ft Overtopping Velocity Data (Clopper and
Chen, 1988)

Time Htation Velooity (ft/s)

{hr} Numbar 2.2 depth 2.6 depth €. 8 depth
3.2 .8 -2 14,8 -2~
30 44.8 -2- 16,68 -2-
4@ 6.0 3.0 3. 38 i 18
5.9 3.9 4,18 & 20 4.30
5,0 24.@ 5.28 5.50 5.70
4.8 o8, 0 7.38 7.30 1.20
L 3.0 7.60 7.60 7.6@
4,0 35.8 9,18 9.23 5. 46
N 40.0 - 14,20 -2
LN 44,8 -2~ 16,80 -2-
5.0 8.8 . 3.20 . 3.3 3.19
5.8 20,9 4,28 ' 4,30 4,30
38 24,0 & 5.28 3,18
5.0 28.@ 7.48 7.58 7.30
39 32, 7.88 7.68 7.80
S.a 36.0 9,28 %.3% 2.4
e 40,8 -g- 14,08 ' ad
5.2 45,0 -@- 16.10 -2~
£.0 6.9 3.20 3.49 3. 18
£.@ 28.0 4,20 5,38 4,38
63 24,0 3= 5.30 .78
6.9 £8.@ 7.50 7.58 7.30
6.9 32.8 7.82 7.80 7.68
6.2 36. 8 9.3 9.3 9.40
(] 40,0 . e 14,10 -2-
6.8 45,9 -8- 16.22 -§-
7.0 16.0 3. 32 3.39 3.ia
1.0 28.2 4,30 4,30 4,30
7.2 24,8 5.20 5.4 5,70
7.8 28.@ 1,42 1.50 1.58
7.9 32.0 7.80 7.40 7.80
7.8 36.0 9,29 9.3 5.48
7.0 4.3 -2~ 14,10 -@-
7.0 44,0 ' 16,32 -
a.a 16.9 3.30 3.0 3.02
8.2 20.2 4,18 4,48 4,20
8.2 24,0 5.40 5.50 5.8
8.9 £8.9 7.48 7.40 7.4
a0 32.8 7.70 7.70 7.70

Note : fl value of -0~ indicates data point wnot taken
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Table A.6 (continued): FHWA 30S 2.0-ft Overtopping Velocity Data (Clopper and
Chen, 1988)

Time Btation Velority (fi/s)

{thr) Number 8.2 depth 2.8 depth 8.8 depth
8.0 36.0 3.1 9.25 9.49
8¢ 40,0 -8- 14, 0@ -0-

8.0 44,0 -9- 17.50 -0
9.¢ © 16,8 3.20 3.38 3.0
2.2 £8.9 4,20 4. 4 4,30
9.8 24,8 3,30 5. 5@ e
9.9 28.8 T 40 7.48 7.42
2.0 2.8 7.68 7.65 1.78
%2 36,9 9.22 9.3 3. 40
9.¢ 40.9 - © 1418 -2
5. 44.9 -@- 17.32 8-

18.9 16,8 3.20 3.40 3.0
ia.2 22.0 4,18 4,29 4.10

6.9 ch. 3 529 o, 5e 570
19,8 ca. 7.39 7.42 7.42

8.8 3.8 7.60 7.6 1.7
ig.8 36.9 5. 10 9.838 9,40

1. 46,8 i4.10 14,20 -g-
13.@ LLN: -2- 15.60 -3

Note 3 £ value of -0 indicates data point not taken :
‘ Pagp: 3
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ELEVATION (FT)

12.0

8.0

4.0

0.0

RUN NUMBER: 45 hour  tau t !

0 44 0.096
1 9.4 024
z 10.0 0.263
. 3 10.0 0.266
4 8.2 5,243
5 g8 0272
6 8.3 0268
7 99 0.269
N 8 989 0269
9 9.2 0243
10 11.1  0.326
0.0 8.0 16.0 24.0 32.0 40.0 48.0 56.0 64.0

DISTANCE (FT)

Figure A.3: FHWA 30S 2.0-ft Overtopping Water-surface Profile (Clopper and Chen, 1988)
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Table A.7: FHWA 308 4.0-ft Overtopping Data (Clopper and Chen, 1988)

Number @ 46

Soil Type : TYPE I, ARMDRFLEX
Overtopping Depth : 4.9 ft
Side Slope & 2:1

Date of Test :@9-11-87

Water Surface Drop: FF
Discharge : 9.5 CFS

Start Time ¢ 7:00 MM
Duration ¢ 5 Hours, FAILURE End Time @ 2:45 PH

Photonraphs:
Videc Tape :

YES

NO

Time Station Enmbankment Water Surface Meas Flow Corr Flow fve Vel  EBL Elev

(hr) Namher Elev. (ft) Elev. (feet)  Depth (ft) Depth {ft) {ft/s) i)
0.2 16.0 6.00 2.50 3.50 3.5¢ 6. 464 10, 149
g 14.2 6.1 9.85 3.15 3.15 7,163 18.051
¢.e 20.9 6.88 8.9% 282 2.82 B.@23 5,508
a2 22.@ 5.9 8. 72 2.7 2. 74 8.a857 9.759
0.0 24,8 6. 14 8.60 2.46 2.46 9,197 9.%13
2.2 6.8 6.23 8,49 -7 2.37 9.54h 9,815
%.0 a8.@ 5.98 8.23 g.e7 .87 9,987 9.7933

G 30.0 5.89 8.15 .26 2.26 18,011 9. 786
0.2 32.9 5. 99 8.10 2.20 2.20 18, 284 9,742
B9 34. 8@ 591 1.95 2. b4 2.04 11,091 9,862
2.2 36,0 - 588 7.6@ 1,88 1.58@ 12,569 10,653
0.0 38.0 4,87 E.T7 R 1.78 13. 329 9, 5e5
2.0 &9, 3.90 T.60 1.78 1.5 d@)_ 9.041
0.0 2.9 2.98 4,59 1.52 1.36 16. 650 8. 885
a.@ 44,9 2.83 3. 44 144 1.26 17.949 8. 442
0.0 45,2 1.2% .66 1.4t i.26 17.949 7.862
.0 4.9 2.59 1.9 1.35 .21 18,746 1,391
1.0 16.2 5.60 9.50 KA} 3.9 3,80 18,823
1.2 18,9 5.78 9.28 355 3.9 £.373 9.881
1.8 £0.9 6.08 9.13 3.87 3. 97 - T.379 9,993
1.8 78,9 . 5.92 9.1@ 3.18 3.18 7418 .. . 9.886
L9 24, 8 6.97 9,50 a,93 2,93 1.728 5,926
1.9 26.0 £ 04 B. 63 2.61 2.61 B.669 9.817
1.8 28.9 5.98 8.5 2.5 2.5 8.978 9,752
.o 2.8 5.9t 8,25 2.2 2. 35 9,669 9.782
1.0 7.8 5.92 8.15 2.23 2.23 18, 146 9.748
1.0 5.0 5.92 8.69 2.08 2.08 10.877 9,837
1.8 36.@ 5.80 7.6 1.89 1.8 12.569 10, 833
1.9 38.9 4,93 6. 75 1.82 1.63 13.903 9.752
1.2 0.8 3.86 5.67 1.8¢ 1.62 13.982 8. 728
1.8 42,0 2.89 4,48 1.97 1.48 16.119 8.495
1.0 46,9 2.e3 3.45 1.42 1.87 17.6822 8.382
1.0 46,0 1,34 .71 1.37 .22 18,473 8,083
1.9 48.0 8.60 213 1.53 1,37 16,541 6.378

Note ¢ A value of -B- indicates data point not taken
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Table A.7 (continued): FHWA 30S 4.0-ft Overtopping Data (Clopper and Chen,

1988)

Time: Gtation Embankment Hater Surface Meas Flow Corr Flow five Vel  EBL Elev

(hr) Number  Elev. (Ft)  Elev. (feet)  Depth (f$) Depth (ft]  {ft/s) (ft)
2.8 16.9 0. 34 9.45 411 T & 5.5 9,921
2.9 8.8 Sh3 9,83 3.62 3.62 6. 250 9.857
2@ 20.8 3.73 9,10 337 337 6. 714 9, Ba2
2.4 22.a 5.57 9.28 3.63 3.83 £.233 9,582
2.9 ca.@ 6. @7 9,18 3,03 3. 23 T.467 9.966
2.9 26.0 6.05 8.79 270 2. 70 4.388 9.848
2.2 28.8 5.98 B.45 2.47 2.47 9.1R0 9.753
2. 0.0 5.92 8.2@ 2.28 2.8 9.923 2.789
2 2.0 5.92 B.85 2.13 2.13 16,622 9, 4@2
2.0 3.0 .92 8.0 2,88 2.08 18.877 9.837
2.0 2b. 8 5.82 7.50 1.68 1.68 13,467 18.316
2.8 8.0 4,93 6.70 1.7 1.54 14,298 9.874
2.2 . Hb.@ 3.86 570 1.84 .68 13. 754 B.H38
2.8 42,8 &R 4,50 1,58 .41 o le017 8. 484
.9 54,0 1.9% 3.5 1.56 1.39 16,283 7. 987
2.0 46,9 1.4l o RB7 1.26 f.13 20. e85 B. 934
2.8 48.9 @.62 2.2% 1.62 1,48 15. 602 6. 039
3.8 16.8 4,94 . B45 A5 451 5017 9,841
3.0 18.9 5.62 9.20 3.58 3.5 B. 320 9,828
3.8 8.8 S.78 .05 3.35 3,35 © B 154 9,758
3.a 2.0 5.52 8.15 3.63 3.63 b.F33 . 8.7
3.8 24.9 6.07 8.95 2.8 2.88 7.856 9,908
50 £6.0 6. 24 8.7a 2.66 2.th 8.586 9,823
3.0 28.0 5.98 8.45 247 2.47 9. 168 9,793
3.0 0.0 5.92 8.15 2.63 2.23 2. 156 9,748
3.e 2.8 592 8,85 2.13 2.13 10.622 9,882
3.a 34.08 5.92 8.1¢ 2.18 2.18 12, 378 9,773
3.0 35,8 .88 .5 .72 L7 13. 154 10,237
- 3.8 38.0 4,9% E.BS - 1.79 . 1.56 14. 464 9,897
3.8 4.0 3.84 .59 1.73 1.56 14, 461 8.837
3.0 42,9 2.91 5,50 1.59 1.42 15,917 8.434
3.0 46,8 e.e2 | 3.58 1.56 1.39 i6.283 .- . T.BR7
.2 46.0 142 2.76 1,34 1.7 18,886 8.299
3,0 48,0 .62 2.38 1.68 1,50 15, 6b4 9.824
4,2 16,2 4,77 5.50 5,73 573 5,783 9.5855
4,0 0.8 .67 9,30 3.63 3.63 6.233 9.903
4,8 0.8 5.71 9.12 .39 3.3 6.674 9,792
4.0 22.0 .45 8,00 3.51 3.3 6. 446 9. 645
4,@ 24,8 6.27 8.93 2. 88 2.88 7.856 9. 508
5,0 26,0 6.04 8.85 2.8 2.81 8.e52 9. 857
4,9 24.4 5.98 8,59 2.52 2.52 8.978 9,752
4,8 36,92 5,92 8.23 2.33 2.33 9.718 9.714
4,2 Je.g 3,92 B. 13 2.23 2.83 18, 146 9,748

Nete : A value of -8 indicates data point not taken
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Table A.7 (continued): FHWA 30S 4.0-ft Overtopping Data (Clopper and Chen,

1988)

Tine Btation Embankment Water Surface Meas Flow Corr Fiow fve Vel  EGL Elev

{he) Number Elev.  {f) Elev. {feet} Depth {Ft) Deoth (Ft) {ft/5) ity
4,2 34.¢ 292 8.03 2.13 2.13 10,622 9.8
4.8 6.2 0. B3 7.70 1.8 1.85 12.238 9. 22
£Q 38.0 4,98 6,65 1.67 1.49 15,154 10.216
4,8 4.9 3.84 5.68 {1,758 .57 14,379 8.811
4.8 42,0 2.97 4,59 1.62 1.43 i5.622 8. 382
4.0 4.0 1.97 3.595 1.58 141 16, @17 7.534
4.9 46.9 1.55 2.86 1.3 117 19,319 8,655
i.0 48,8 B.63 .97 1.94 1.73 13,045 3. 812
5 16.9 4,65 9.4 4,60 4,08 4,714 9. 795
5.8 18,8 3.65 9.20 3.7 3.93 T 6373 9.831
3.0 ‘ 0.9 5.72 5 10 3.38 3.38 6,694 9.79%
5.8 2.2 5.58 8,25 373 3. 79 6.033 9.815
e 24.0 &.10 8,95 BN 2,85 7,939 - 9,924
5.8 26.0 6,05 8,70 263 2.65 8.538 ©o8,8%
58 8.8 5,99 8,58 2.5t 2.5t 9. 214 9. 762
5.0 3.0 5,92 : 8.15 2.23 2.3 10, 14k 9. 748
0 2.9 5.9 8.95 213 2.13 10, 622 9.8@2
58 34,0 5,92 8.12 2.18 2.18 18,378 8.713
28 B2 5, 80 7.95 .73 1.7s 12.929 10, 145
5.e 8.0 5 il 6.63 1,54 1.38 16, 434 10, 843
5.0 i} 0 4,30 - o it -~ b o @~
5.0 42,8 4,18 ~{- -g- -2 ~g- ~3-
50 . 449 2.88 -f= -2~ -3~ ~8- i
5.9 a5, 317 - : - ~g- -2~ -2~
58 48.Q 77 -8~ =g~ - - =

Note & R value of ~@- indicates data point not taken
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Table A.8: FHWA 30S 4.0-ft Overtopping Velocity Data (Clopper and Chen, 1988)

fun Number 3 46 Date of Test :@3-11-87 Start Time 1 7:00 AN
Boil Type = TYPE 1, ARMORFLEX Duration ¢ 12 Hours End Time : 2145 PH
Overtopping Depth 3 4,0 fi Water Surface Drop: FF Photographs:  YES
Side Slope : 2:1 Distharge ¢+ 90,5 CFB Video Tape ¢ YES
Tine Btation Velocity (ft/s)
thr) Nunber 0.2 depth 8.6 depth 8.8 depth
0.0 16.0 e £.20 5.20
0.9 en. 540 7.40 7.98
8.9 26,0 5.80 7.18 7.7%
0.0 2.2 -3- 9.40 9. 60
0.9 32.0 -@- 9.80 18.63
8.0 6.8 i0.2@ 5.68 13,60
a.0 4. @ 14,38 13,02 1568
2.0 LI 15.58 18,58 ia. ia
1.2 16.9 4,38 4,78 5. 60
1.0 20,9 5.0 E.58 7.08
1.2 o4, @ 6. 18 7.598 1. 66
1.8 £28.0 9.c0 6. 20 8.90
1.8 32.0 B.80 9.9 10, 28
1.2 36, @ 10, 8 12.40 13.19
L8 49,8 -g- 15,49 15, 4d
i.e 54.Q . 17,68 i8.28 i7.98
2.9 16.@ 5.0 5.90 5.09
22 20,9 B. 18 B 12 6. 30
2.8 24.8 7.48 7.60 7,98
2.0 8.9 B.68 8.70 8.8
2.0 3c.0 9.9 i0.40 10, 1@
2.0 36,8 ii.0@ 12. 2@ 1258
2.9 40,0 15, 3@ 15. 4@ 15, 4%
2.0 44,9 ig.2e 8.0 17.20
3.9 16.2 5.60 3. 68 4. 20
3.0 ep.e 6. 20 b. 38 6. 4
3.8 ch. @ 7.80 B.2@ 8.2@
59 8.2 9.20 9,30 A, an
3.2 32.0 io.08 10. 38 0. 20
12 J&. 2 11.50 12, 3¢ iz 50

Mote * A value of -& indicates data point not taken
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Table A.8 (continued): FHWA 30S 4.0-ft Overtopping Velocity Data (Clopper and
Chen, 1988)

Tine Station Velority (ft/s)

(hr} . Number 8.2 depth @.6 depth ©.8 depth
3.0 49,8 15.04 - 153 15,58
3.0 44,0 18, 4% 18.2¢ 17,18
49 16.0 510 5.3 -3~
4.9 2e.9 6.0 &, 5@ £ 10
4.0 24,0 7.7 7.7 1.78
4.0 28.0 9,18 9.20 8.80
LN 2.8 10.39 ig.00 10. 1@
4.9 36.9 11.70 12, 30 12,60
.9 48,0 15.40 5. 15,60
4.0 45, 16,29 18,38 17,48
5.8 16,8 . 5.40 5.60 Y
W0 20.@ - ' 6. 10 -2-

Note & R value of -8~ indicates data point not taken
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ELEVATION (FT)

8.0 12.0:

4.0

0.0

RUN NUMBER: 46

L}

."I—"‘"Oi.l.‘

[ -]

19.6
31.8

= e

36.0

hour

Q 17.0
1

2

3

4

5 41.0

| ] l ]

0.322
0.558
0.5681
0.611
0.643

0.0 8.0 16.0 24.0 32.0 40.0 48.0 58.0
DISTANCE (FT)

Figure A.4: FHWA 30S 4.0-ft Overtopping Water-surface Profile (Clopper and Chen, 1988)




Run

Table A.9: FHWA 30S 96-cfs Overtopping Data (Clopper and Chen, 1988)

Number : 460

Soil Type s TYPE I, ARMORFLEX
Overtopoing Depth 3 4.8 ft
Side Slope & 2:1

Date of Test :18-26-87
OQuration 8, 15 Hours

Hater Surface Drop: FF
9.2 CF5

Discharge :

Start Tine

Photoyraphs
Video Tape

: 12183 PM
End Time @ 12115 P

YES
YES

Time Station Embankment Water Surface Meas Flow Corr Flow five Yal  EBL Elev
{hr) Number Elev, (ft) Elev. (feet)  Depth (ft} Depth {ft} {ft/s) {ft)
2.8 16,8 E.26 9.5% 3.24 3.24 7,487  1e.3%e
o0 . 18.8 6.22 . 9,35 313 31 7. 668 12.263
6.4 26,0 8.23 15 2.92 2.92 8.21%8 10. 135
2.0 2.0 .13 8.83 2.67 2.67 8. 989 10,955
2.2 24.8 6,07 8.53 2.43 2.43 2.877 18,915
0.0 26.2 6. 04 8.20 216 2.16 1.1 10, 117
2.9 28.2 6. 2% B.25 2.91 2.01 11. 948 10, 254
2.0 3.0 5.9% 7.88 1.86 .86 12,993 18,385
] 3.0 5.9 1.73 1.81 .81 13.760 10. 480
2.9 * 34,0 5.93 7.63 1,74 1.74 13.833 18,635
0.8 36.8 5.85 7.38 1,43 {.43 16.552 11.556
2.9 38.8 4,99 6.7¢ .71 .33 15,699 18,527
8.0 4, 3.9 -~ -0 - & -8
8.9 42,2 3. 02 ~g- -2- -2- - -B-
2.8 44,0 2.0 4,02 2.80 1.79 13,423 6.R1B
6.9 46.@ i.1@ -~ -2~ - -2 -g-
2.0 4.8 2.60 @~ -8~ -8 -2- -2-
L2 16.2 5.52 -9- -g- - ~§- -2~
1.2 ‘18,9 6.14 ~g~ -g- -g- -8~ -g-
1.8 ea.a 6.27 ~g- -~ ~@- -3~ o
1.2 o240 6.6 ~P- -2~ -3 - i
1.9 £4. 6 6,00 ~g- -g- -~ -@- -2~
1.2 26.0 %.90 ~§- = -&- -B- -0~
Lo £8.8 5.98 ~f- -2~ -2~ - -0~
1.0 30,0 5.94 ~@- -B- -3~ -@~ -
l.e 3.0 5.87 ~@~ -0~ -B- -a- -p-
1.0 34,0 5. 46 ~g- -8- -~ - -0~
1.2 36.8 4,70 o/ @~ -@- -Q- -g-
1.9 38. 4,86 B~ -~ g -2- -@-
.9 .0 3.87 -g- -2 - e -8
.8 42,8 2.89 -@- -2~ it -g- ~#-
] i, 9 .13 -2 -~ -0- & -§=
1.8 40,0 2,61 - ~@- i -g- -g-
1.3 48,9 1.63 -2- -8- ~g- -8~ -B-
Note : A value of -8~ indicates data poirt not taken



Table A.10: FHWA 30S 96-cfs Overtopping Velocity Data (Clopper and Chen,

1988)
Run Nuzber : 46R Date of Test :12-85-87 Start Tige 3 {2:00 PH
Boil Type : TYPE I, RRWORFLEX Duration :@. 15 Kours End Time : 12:13 24
Qvertonping Depth : 4.0 fi Water Surface Drop: FF Photographss  YES
Side Slops & 231 Discharge @ 96,8 CF8 Video Tape : YES
Tine Gtation Velonity (ft/s) - '
thr) Number ¢.2 depth 2.6 depth 2.8 depth
e.0 8.8 . B -0~ -2-
2.0 16.8 -8- %40 5. 40
9.0 0.8 -~ & -2-
2.0 22.9 -3- -@- -8
2.0 249 ~B- - -3~
a2 " 2h.0 -0 -2~ -§-
2.9 28.@ -g- = -
8.9 .0 - -9~ -8~
2.8 3.0 - -8- -
Q.0 3.0 -0~ -0 -2~
2.0 36,3 -~ -2 -3
2.8 38.0 -p- - -3~
2.9 48.9 -~ -¢- -2~
8.9 4.8 -B- -¢- -2~
2.0 44,9 -g- -@~ -
8.3 . 16.0 -8- B -P-
8.3 20.0 -g- -@- -
2.3 2z.0 - -2- -~
8.3 24. 0 -§- -p- -3~
2.3 . oh.@ -2~ - -3
0.3 28.9 -2- -8~ -4
8.3 30.9 -¢- -g- -B-
2.3 32.¢9 -@- ' ~@- -3~
2.3 34,0 -~ -@- -@-
a3 3.8 -8~ -@- -3~
2.3 38.8 -B- -@- -2
0.3 40.9 -~ -@- -8
83 _ 42.8 -~ -8~ -~
2.3 44,0 17.92 17.92 18.00
2.3 46.9 -0~ -~ -0~
2.3 48.0 -@~ -~ -8~

Note 1 A value of -8~ indicates data point not taken
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Figure A.5: FHWA 30S 96-cfs Overtopping Water-surface Profile (Clopper and Chen, 1988)
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APPENDIX B

ACB BLOCK DIMENSIONS AND PHYSICAL PROPERTIES
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30S BLOCK SPECIFICATIONS

SAFETY FACTOR
PROPERTIES
A, 0.76 ftz
C.: 0.0972

£,: 0.20 ft
£,: 0.54 ft
A, 0.32 ft
£y nowse 0.40 ft
£,: 0.54 ft
£y: 0.48 ft
£e: 0.48 ft
£, 0.73 ft
y: 0.73 ft

BLOCK PROPERTIES

DRY WEIGHT: 35.3 Ibs
SUBMERGED WEIGHT: 19.8 Ibs
VOLUME: 0.25ft?
VOID RATIO: 21 %
‘}56"7 I 7.62" : f 1 1.55" TYP
3.55" 206" 5 5 \ Elg"
: ' 1.50"
\ IR e
0.93"- k285" 5.89" 2.85"—

1.12" TYPJ’

1.49"

—

B
S

126

\ 3.18"

[ 2.48"

f% ﬁﬁ;

1.49"

11.59"

Figure B.1: 30S Block Dimensions and Physical Properties
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PETRAFLEX BLOCK SPECIFICATIONS

SAFETY FACTOR
PROPERTIES
A, 1.40 ft2
€. 0.0178
£y 0.17 ft
b 0.66 ft

. 0.27 ft
Bt 0.33 ft
£ 0.66 ft
k. 0.71 ft
p 3 0.71ft
f: 0.81 ft
ly: 0.81 ft

BLOCK PROPERTIES

DRY WEIGHT: 33.2 Ibs
SUBMERGED WEIGHT: 18.6 Ibs
VOLUME: 0.23 ft®

VOID RATIO: 25%

e = e e ciy
gk ® o L 400
1.48" |
1.00"4—k—3.44" 9.13" 3.44"—
17.00"
~0.50"
4 )3 [
3.25"
| 4
8.00 RS
| —_iiu'ﬁan
1.03"
16.50" s ] - L
1.63" A 1.00" TYP
0 63"—17 J
2.5‘0" 318"
— H—L
\ =
3.25" r
J—[‘—Z.Bd'%&ﬂ 3"J—H~Z.84" 244" TYP
1.00" 0.66" 0.66" L1.00"

Figure B.2: Petraflex Block Dimensions and Physical Properties
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USACE BLOCK SPECIFICATIONS

BLOCK PROPERTIES
DRY WEIGHT: 50.7 Ibs
SUBMERGED WEIGHT: 28.4 Ibs
VOLUME: 0.36 ft*
VOID RATIO: 36 %
| \ [
| \ | \ 4&"
| \ | \ ’
| | | \ _i
9.92" &
19.84"

SAFETY FACTOR
PROPERTIES
A,: 114 1t
C.: 0.115
L 0.17 ft
L 0.65 ft
Bsns | DGR Ty
Lwss? | 0.33ft
L 0.65 ft b L
L 0.83 ft
b 0.83 ft
t,: 0.65 ft o Ry
b 0.65 ft

2.36"-

Figure B.3: Corps Block Dimensions and Physical Properties
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APPENDIX C

HYDRAULIC DATA FOR CSU TESTING
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Table C.1: Hydraulic Data for CSU 30S Test (Robeson ef al., 2002) on 0.499 Bed Slope at 10.0 cfs (8-11-2000)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
20.89 17.86 101.52 0.24 0.28 6.96
22.98 19.65 100.66 0.21 0.24 8.12
25.07 21.44 99.73 0.25 0.29 6.72
27.17 23.23 98.86 0.27 0.32 6.09
29.17 24.94 97.98 0.14 0.16 12.18
31.26 26.73 97.15 0.19 0.22 8.86
33.35 28.52 96.23 0.17 0.20 10.00
35.45 30.31 95.31 0.16 0.19 10.26
37.54 32.10 94.48 0.15 0.17 11.46
39.63 33.89 93.55 0.14 0.16 12.18
41.72 35.68 92.60 0.17 0.20 10.00

Table C.2: Hydraulic Data for CSU 30S Test on 0.431 Bed Slope at 8.0 cfs (6-25-2009)

Station along Slope Horizontal Station Bed Elevation Flow Depth® Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
55.32 49.57 90.43 0.27 0.30 5.03
57.40 51.44 89.63 0.28 0.31 4.73
59.40 53.23 88.83 0.26 0.29 5.21
61.42 55.04 88.04 0.23 0.25 5.84
63.45 56.85 87.28 0.22 0.24 6.13
65.45 58.65 86.52 0.22 0.25 6.04
67.50 60.48 85.72 0.23 0.26 5.76
69.50 62.27 84.96 0.22 0.25 5.96
71.55 64.11 84.15 0.23 0.25 5.92
73.55 65.90 83.41 0.22 0.24 6.08
75.60 67.74 82.58 0.22 0.24 6.08
77.59 69.53 81.80 0.23 0.25 5.92

#Adjusted for point gage offset
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Table C.3: Hydraulic Data for CSU 30S Test on 0.431 Bed Slope at 12.0 cfs (6-25-2009)

Station along Slope Horizontal Station Bed Elevation Flow Depth® Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
55.32 49.57 90.44 0.24 0.27 5.51
57.40 51.44 89.64 0.19 0.22 6.90
59.40 53.23 88.84 0.20 0.23 6.57
61.42 55.04 88.05 0.18 0.20 7.26
63.45 56.85 87.29 0.20 0.23 6.57
65.45 58.65 86.53 0.20 0.23 6.57
67.50 60.48 85.72 0.20 0.23 6.57
69.50 62.27 84.97 0.19 0.22 6.90
71.55 64.11 84.15 0.19 0.22 6.90
73.55 65.90 83.42 0.20 0.23 6.57
75.60 67.74 82.59 0.19 0.22 6.90
77.59 69.53 81.81 0.21 0.24 6.26

#Adjusted for point gage offset
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Table C.4: Hydraulic Data for CSU 30S Test on 0.230 Bed Slope at 10.0 cfs (6-14-2009)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity
(ft) (ft) (ft) (ft) (ft) (ft/s)
9.27 9.01 97.93 0.29 0.30 5.79
11.27 10.96 97.48 0.31 0.31 5.45
13.28 12.91 97.03 0.28 0.29 6.00
15.28 14.86 96.58 0.25 0.25 6.72
17.28 16.81 96.13 0.24 0.24 7.06
19.29 18.76 95.69 0.24 0.25 6.96
21.29 20.71 95.24 0.25 0.26 6.64
23.29 22.66 94.79 0.24 0.25 6.86
25.30 24.61 94.34 0.24 0.25 6.82
27.30 26.56 93.89 0.24 0.24 7.01
29.31 28.51 93.44 0.24 0.24 7.01
31.31 30.45 93.00 0.24 0.25 6.82
33.31 32.40 92.55 0.24 0.25 6.91
35.32 34.35 92.10 0.09 0.09 19.27




Table C.5: Hydraulic Data for CSU 30S Test on 0.230 Bed Slope at 20.0 cfs (6-15-2009)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
9.27 9.01 97.93 0.53 0.55 3.14
11.27 10.96 97.48 0.53 0.54 3.17
13.28 12.91 97.03 0.46 0.48 3.59
15.28 14.86 96.58 0.38 0.39 4.36
17.28 16.81 96.13 0.40 0.41 4.14
19.29 18.76 95.69 0.42 0.43 3.98
21.29 20.71 95.24 0.40 0.42 412
23.29 22.66 94.79 0.39 0.40 4.32
25.30 24.61 94.34 0.37 0.38 4.51
27.30 26.56 93.89 0.34 0.35 4.91
29.31 28.51 93.44 0.33 0.34 5.11
31.31 30.45 93.00 0.33 0.34 5.06
33.31 32.40 92.55 0.34 0.35 4.91
35.32 34.35 92.10 0.36 0.37 4.62
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Table C.6: Hydraulic Data for CSU 30S Test on 0.230 Bed Slope at 30.0 cfs (6-15-2009)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity
(ft) (ft) (ft) (ft) (ft) (ft/s)
9.27 9.01 97.93 0.80 0.83 2.07
11.27 10.96 97.48 0.70 0.72 2.37
13.28 12.91 97.03 0.63 0.65 2.65
15.28 14.86 96.58 0.56 0.57 2.98
17.28 16.81 96.13 0.53 0.54 3.15
19.29 18.76 95.69 0.53 0.54 3.15
21.29 20.71 95.24 - - -
23.29 22.66 94.79 - - -
25.30 24.61 94.34 - - -
27.30 26.56 93.89 - - -
29.31 28.51 93.44 - - -
31.31 30.45 93.00 - - -
33.31 32.40 92.55 - - -
35.32 34.35 92.10 - - -
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Table C.7: Hydraulic Data for CSU Petraflex Test (Robeson et al., 2002) on 0.501 Bed Slope at 10.0 cfs (8-21-2000)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
20.85 17.80 101.50 0.28 0.32 6.05
22.86 19.51 100.64 0.23 0.27 7.30
25.04 21.38 99.67 0.16 0.19 10.41
27.05 23.09 98.82 0.16 0.19 10.27
29.23 24.95 97.89 0.17 0.20 9.76
31.24 26.67 97.03 0.16 0.19 10.41
33.42 28.53 96.11 0.17 0.20 9.64
35.43 30.25 95.28 0.15 0.18 11.00
37.61 32.11 94.35 0.15 0.18 10.85
39.62 33.83 93.47 0.17 0.19 10.10
41.80 35.69 92.47 0.15 0.18 10.85

Table C.8: Hydraulic Data for CSU 30S Test (Robeson ef al., 2002) on 0.501 Bed Slope at 28.4 cfs (8-21-2000)

Station along Slope Horizontal Station Bed Elevation Flow Depth Vertical Depth Continuity Velocity

(ft) (ft) (ft) (ft) (ft) (ft/s)
20.85 17.80 101.48 0.64 0.75 2.60
22.86 19.51 100.62 0.55 0.65 3.00
25.04 21.38 99.65 0.47 0.55 3.55
27.05 23.09 98.81 0.46 0.54 3.62
29.23 24.95 97.89 0.43 0.50 3.90
31.24 26.67 96.95 0.27 0.32 6.10
33.42 28.53 96.11 0.30 0.35 5.58
35.43 30.25 95.29 0.28 0.33 5.92
37.61 32.11 94.35 0.37 0.43 4.54
39.62 33.83 93.48 0.43 0.50 3.90
41.80 35.69 92.49 0.51 0.60 3.25






