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PREFACE 

Mr. M. M. Culp, former Chief of the Design Branch, suggested the Design 
Unit make a study of a steepened riprap channel to obtain gradient con- 
trol. The resulting investigation led Mr. Paul D. Doubt, former Head 
of the Design Unit, to conceive and develop the riprap gradient control 
structure presented in this technical release. The first version of a 
computer program to determine the dimensions and parameters associated 
with the design of this riprap structure and portions of a preliminary 
draft of this technical release were written by Mr. Doubt. 

A draft of this technical release dated July 14, 1975, was circulated 
through the Engineering Division and sent to the Engineering and 
Watershed Planning Unit Design Engineers for review and comment. 

A publication is being prepared which will contain the necessary charts 
for the graphical solution of parameters used in the design of a 
limited class of riprap structures. 

This technical release was prepared by Mr. H. J. Goon with the assist- 
ance of Mr. John A. Brevard, both of the Design Unit, Design Branch, 
Engineering Division, Hyattsville, Maryland. 
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i i i  

NOMENCLATURE 

This technical  r e l e a s e  uses, insofar  a s  possible,  nomenclature which 
commonly appears i n  hydraulic l i t e r a t u r e .  However, when nomenclature 
involves lower case l e t t e r s ,  subscr ip ts ,  and Greek l e t t e r  , d i f f  i c u l -  H t i e s  a r e  encountered i n  presenting, describing, and i n t e  g r e t  ing com- 
puter  input and output. Therefore, sometimes two symbols have t h e  same 
meaning; one i s  used i n  t h e  t e x t  and t h e  o ther  i s  used i n  describing 
computer input  and output data.  The symbols used f o r  input and output 
data  a r e  a l s o  defined i n  t h e  "Computer Program" sect ion of t h i s  techni-  
c a l  r e lease .  

a = Flow area,  f t 2  

&a = Average flow area, f t 2  

c = Flow a rea  corresponding t o  c r i t i c a l  depth, dc, f t 2  

"n = Flow area  corresponding t o  normal depth, dn, f t 2  

b = Bottom width of t rapezoidal  sect ion,  f t  

ba 5 Average width of channel, f t  

b j  
= Bottom width of t h e  t r a n s i t i o n  a t  any sec t ion  j, f t  

BS = Bottom width a t  t h e  ends of t h e  r i p r a p  s t r u c t u r e ,  f t  
- 

BU = Bottom width of t h e  pr ismat ic  channel of r i p r a p  s t ruc tu re ,  f t  

C50 = C ~ O  z Coeff ic ient  r e l a t i n g  c r i t i c a l  t r a c t i v e  s t r e s s  t o  
r i p r a p  D50 s i z e ,  

C n = CN = Coefficient  r e l a t i n g  Manning's n t o  r i p r a p  D50 s i z e ,  
EXPN 

n = cn  so] 
CONV = Rate of convergence of t h e  bottom width of t h e  upstream 

t r a n s  it ion, f t / f t  

n CS = - = Maximum allowable r a t i o  of bottom slope t o  c r i t i c a l  s lope 
c 

CSU = sc SN Rat io  of bottom s lope t o  c r i t i c a l  slope used i n  t h e  
design of a p a r t i c u l a r  r i p r a p  s t r u c t u r e  

CTAUB = A coef f i c ien t  used t o  determine t h e  maximum t r a c t i v e  s t r e s s  
along t h e  boundary of t h e  r i p r a p  l i n i n g  on t h e  bottom of 
t h e  prismatic channel 

CTAUS - A  coef f i c ien t  used t o  determine t h e  maximum t r a c t i v e  s t r e s s  
along t h e  boundary of t h e  r i p r a p  l i n i n g  on t h e  s i d e  s lope  
of t h e  pr ismat ic  channel 
w 

I b m  = Ratio of maximum t r a c t i v e  s t r e s s  on bottom of channel t o  CTb = - - 
'av average t r a c t i v e  s t r e s s  - 
Tsm 

CTs = - = - Ratio of maximum t r a c t i v e  s t r e s s  on s i d e  s lope  of channel 
Tav t o  average t r a c t i v e  s t r e s s  

d = Depth of flow, ft 



= D50 Size of rock i n  r ip rap  of which 50 percent by weight 
i s  f ine r ,  f t  

r The DS0 s i z e  of r ip rap  used i n  t h e  design of a par t i cu la r  

r ip rap  s t ructure ,  f t  

= C r i t i c a l  depth corresponding t o  design discharge, Q, f t  

E C r i t i c a l  depth corresponding t o  design discharge, Q, i n  
t h e  prismatic channel of r i p r ap  s t ructure ,  f t  

= Rate of divergence of t h e  bottom width of t he  downstream 
t r ans  i t ion ,  f t / f t  

Normal depth corresponding t o  design discharge, Q, f t  

Normal depth corresponding t o  t h e  design discharge, Q, in  
t h e  prismatic channel of  r ip rap  s t ructure ,  f t  

Normal depth i n  the  downstream channel, f t  

Normal depth i n  t he  upstream channel, f t  

Depth of flow corresponding t o  t he  design discharge, Q, a t  
t he  ends of t he  r ip rap  s t ructure ,  f t  

Value of t h e  exponent i n  t h e  equation f o r  computing Manning's 

roughness coeff ic ient ,  n = Cn [D,, 1 EXPN 

Resultant of hor izontal  forces ac t ing  on t h e  body of moving 
water, l b  

Resultant of hydrostat ic pressures ac t ing  a t  Section 1, l b  

Resultant of hydrostat ic pressures act ing at Section 2, l b  

Total  f r i c t i o n a l  force, l b  

Factor of s a f e ty  

Factor of sa fe ty  used i n  the  design of a pa r t i cu l a r  r ip rap  
s t ruc tu r e  

Acceleration of gravity, f t / sec2  

Specific energy head corresponding t o  t h e  design discharge, Q, ft 

C r i t i c a l  spec i f i c  energy head corresponding t o  the  design 
discharge, Q, f t  

f t -1b 
Fr ic t ion  head loss ,  - l b  

Normal spec i f ic  energy head corresponding t o  the  design discharge, 
Q, i n  t he  prismatic channel of t h e  r ip rap  s t ructure ,  f t  

r ~ i s t a n c e  in t h e  t r ans i t i on  from any1 
L sect ion j t o  sect ion of width BU -1 

t o t a l  length  of t h e  t r ans i t i on  

k. = f Ratio of c r i t i c a l  t r a c t i v e  s t r e s s  
'bc on s ide  slope t o  c r i t i c a l  t r a c t i v e  

s t r e s s  on bottom of the  trapezoidal  
channel 

5 E Ratio of wetted perimeter t o  bottom slope of the  prismatic 
Sn channel 



L Horizontal l eng th  of a por t ion of a channel, ft 

L;DT Length of downstream t r a n s i t i o n ,  ft 

L9C Length of pr ismat ic  channel, f t  

LT E Length of t h e  t r a n s i t i o n ,  f t  

LUT = Length of upstream t r a n s i t i o n ,  f t  

M - - mass of body of water between Sections 1 and 2 
Q 

n = N Manning's coef f i c ien t  of roughness 

P 5 Wetted perimeter, f t  

PC 
3 Wetted perimeter corresponding t o  t h e  c r i t i c a l  depth, d,, f t  

P n z Wetted perimeter corresponding t o  t h e  normal depth, dn, ft 

Q % Design discharge through t h e  r i p r a p  s t ruc tu re ,  c f s  

Qn,d z Normal discharge corresponding t o  depth, d, c f s  

r = RN Hydraulic radius a t  normal depth, f t  

s z Energy gradient ,  f t / f t  

El c = SC = C r i t i c a l  s lope  corresponding t o  t h e  design discharge, Q, 
i n  t h e  prismatic channel of t h e  r i p r a p  s t ruc tu re ,  f t / f t  

sn = SN a Bottom s lope of t h e  prismatic channel of  t h e  r i p r a p  s t r u c -  
t u r e  and a l s o  normal s lope  corresponding t o  t h e  design discharge, 
Q, ft/ft 

o = Slope of channel bottom, f t / f t  

t r Time, sec 

O D50U = The allowable t r a c t i v e  s t r e s s  f o r  t h e  r i p r a p  TAUBA = FSU 

l i n i n g  on t h e  bottom of t h e  prismatic channel, l b / f t 2  

TAUBM = (CTAUB)(Y)(RN)(SN) = The maximum t r a c t i v e  s t r e s s  along t h e  
r i p r a p  l i n i n g  on t h e  bottom of t h e  prismatic channel, l b / f t 2  

TAUSA = K C50 D50U 3 The allowable t r a c t i v e  s t r e s s  f o r  t h e  r i p r a p  FSU 
l i n i n g  on t h e  s i d e  slope of t h e  prismatic channel, l b / f t  

TAUSM = (CTAUS) ( Y  )(RN)(sN) = The maximum t r a c t i v e  s t r e s s  along t h e  
r i p r a p  l i n i n g  on t h e  s i d e  slope of the  prismatic channel, l b / f t  

Tc s Top width of flow corresponding t o  c r i t i c a l  depth, d,, ft 

THETA = 0 5 Angle of repose of t h e  r iprap,  degrees 

v = Velocity corresponding t o  t h e  design discharge, Q, f t / s e c  

va 5 Average velocity,  f t / s e c  

VN z Velocity a t  normal depth corresponding t o  t h e  design discharge, 
Q, i n  t h e  prismatic channel of r i p r a p  s t ruc tu re ,  f t / s e c  

VS -= Velocity corresponding t o  t h e  design discharge, Q, a t  t h e  ends 
of t h e  r i p r a p  s t ruc tu re ,  f t / s e c  

W s Total  weight of water between sect ions ,  l b  



Xc = - = Ratio of c r i t i c d  depth t o  bottom width 
b 

Xn = 7" Ratio of normal depth t o  bottom width 

z = Side slope of t rapezoidal  sect ion expressed as a r a t i o  of 
hor izonta l  t o  v e r t i c a l ,  f t / f t  

ZL = Side slope of t h e  l e f t  bank at t h e  ends of r ip rap  s t ruc tu re ,  
see  SECTION A-A of Figure 1, f t / f t  

ZR = Side slope of t h e  r i g h t  bank (looking downstream) a t  t h e  ends 
of r ip rap  s t r u c t w e ,  f t / f t  

ZS G Side s lope of t rapezoidal  sec t ion  a t  t h e  ends of r ip rap  s t r uc -  
ture,  f t / f t  

ZU = Side slope of t he  prismatic channel of the  r ip rap  s t ruc tu re ,  
f t / f t  

Y = Unit weight of water, l b / f t 3  

8 = THE2A =Angle of repose of t h e  r iprap,  degrees 

T = Tractive s t r e s s ,  l b / f t 2  

'av = Yrs s The average t r a c t i v e  s t r e s s ,  l b / f t 2  - 
- -  

'ba - 
I b c  

s The allowable t r a c t i v e  s t r e s s  f o r  t h e  r ip rap  l i n i n g  on 
FS 
t h e  bottom of t h e  t rapezoidal  channel, lb / f t2  

7 - 
bc D = The c r i t i c a l  t r a c t i v e  s t r e s s  f o r  t he  r ip rap  l i n i n g  - '50 50 

on t he  bottom of t he  t rapezoidal  channel, l b / f t 2  

= The maximum t r a c t i v e  s t r e s s  along t he  r ip rap  l i n i n g  on t he  Tbm 
bottom of t h e  t rapezoidal  channel, l b / f t 2  

'sa = K Tba " The allowable t r a c t i v e  s t r e s s  f o r  t h e  r ip rap  l i n i n g  
on t h e  s i de  slope of the  t rapezoidal  channel, l b / f t 2  

T~~ 
= K TbC 3 The c r i t i c a l  t r a c t i v e  s t r e s s  f o r  the  r i p r ap  l i n i n g  on 

t he  s i de  slope of the  t rapezoidal  channel, l b / f t 2  

'sm 5 The maximum t r a c t i v e  s t r e s s  along the  r ip rap  l i n i n g  on t h e  
2 

s i de  slope of the  t rapezoidal  channel, l b / f t  
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HYDRCIULIC DESIGN OF RIPRAP GFADIEKC CONTROL STRUCTURES 

Introduction 

In some cases a riprap gradient control structure can be used economi- 
cally to dissipate excess energy and establish a stable gradient in a 
channel where the gradient without some such control would be too steep 
and would cause erosive velocities. 

The riprap gradient control structure discussed herein consists of a 
riprap prismatic channel with a riprap transition at each end (see 
Figure 1). Its essential feature is that the specific energy of the 
flow at design discharge is constant throughout the structure and is 
equal to the specific energy of the flow in the channel immediately up- 
stream and downstream of the structure. Thus, for the design discharge, 
the dissipation of hydraulic energy in the structure is at the same 
rate as the energy gain due to the gradient. The structure, which is 
made steeper and narrower than the adjoining channel upstream and down- 
stream, maximizes energy dissipation. 

For brevity, riprap gradient control structures will be referred to in 
this technical release as riprap structures or simply as structures. 
All channels and structures considered in this technical release have 
trapezoidal cross sections and subcritical slopes. 

Report 108 

The National Cooperative Highway Research Program Report 108~ entitled 
"Tentative Design Procedure for Riprap-Lined Channels" presents the 
analyses of experimental results, development of criteria, and design 
procedures for the stability of riprap linings. Hereafter, this publica- 
tion is referred to as Report 108. It contains information useful in 
the design of trapezoidal channels constructed in noncohesive sand and 
gravel materials and of riprap linings which form the boundary of chan- 
nels and gradient control structures. Report 108 also presents criteria 
and recommendations for riprap layer thicknesses and for required filters 
Report 108 states that laboratory experimental studies on linings de- 
signed in accordance with its procedures showed the linings did not 
fail until discharges reached values in excess of the design discharges. 

St. Anthony Falls Hydraulic Laboratory Project Report No. 146 entitled 
"Tentative Design Procedures for Riprap-Lined Channels - Field Evalua- 
tion" by Alvin G. Anderson, June, 1973, for National Cooperative High- 
way Research Program, presents the results of field evaluation studies 
of four constructed riprap-lined channels designed in accordance with 
the procedures contained in Report 108. The studies showed that all 
four channels were performing satisfactorily, and two of the channels 
were without signs of erosion after having been subjected to discharges 
that approach the design discharges. 

1 
Publication of the Transportation Research Board, National Research 
Council, National Academy of Sciences - National Academy of Engineer- 
ing, 1970 



Purpose of Technical  Release ---- 
The purpose of t h i s  t e c h n i c a l  r e l e a s e  i s  t o  p re sen t  procedures f o r  t h e  
design and propor t ion ing  of r i p r a p  g rad ien t  c o n t r o l  s t r u c t u r e s .  These 
procedures can a l s o  be used t o  o b t a i n  a r i p r a p  channel des ign .  This 
t e c h n i c a l  r e l e a s e  a l s o  documents t h e  c r i t e r i a  and procedures used i n  
t h e  a s soc i a t ed  computer program. 

Computer Program 

A computer program, w r i t t e n  i n  F O R T M  f o r  IBM equipment, determines d i -  
mensions and parameters a s s o c i a t e d  w i t h  t h e  design of a r i p r a p  g rad ien t  
c o n t r o l  s t r u c t v r e .  The program ope ra t e s  i n  any of f o u r  modes. Mode 1 
ob ta ins  only  t h e  des ign  of a r i p r a p  p r i sma t i c  channel.  Modes 2, 3, and 
4 ob ta in  t h e  design of  a r i p r a p  s t r u c t u r e  inc luding  t h e  p r i sma t i c  channel 
and bo th  t r a n s i t i o n s  of t h e  s t r u c t u r e .  Modes 3 and 4 permit  g r e a t e r  
f l e x i b i l i t y  o f  des ign  . 
Input  and output  d a t a  information is d iscussed  under t h e  "Computer Pro- 
gram" sec t ion .  Computer design runs  may be obta ined  by r eques t  t o  

Head, Design Unit 
Engineering Divis  ion 
S o i l  Conservation Serv ice  
Federa l  Center  Building 
H y a t t s v i l l e ,  Maryland 20782. 



Riprap Gradient Control Structure 

A riprap gradient control structure is a riprap structure consisting of 
a prismatic channel with a converging inlet transition at the upstream 
end and a diverging outlet transition at the downstream end of the pris- 
matic channel. The riprap structure as designed should have essentially 
a straight alignment as shown in Figure 1. rA 

PLAN 

kI3u-l 
SEETION B-B SECTION A-A 

Figure 1. Riprap gradient control structure 



Riprap St ructure  Concept 

The following discussion on energy d i s s ipa t ion  w i l l  a s s i s t  i n  t h e  under- 
standing of t h e  p r inc ip les  used i n  t h e  development of t h e  r i p r a p  s t ruc-  
t u r e  concept and t h e  reason f o r  designing it t o  maintain a constant spe- 
c i f i c  energy head. 

I n  a system of channels having mild slopes,  i . e . ,  flows a r e  s u b c r i t i c a l ,  
t h e  depth of flow f o r  a given discharge i s  physica l ly  f ixed by t h e  down- 
stream c h a r a c t e r i s t i c s  of t h e  channel system and upstream character is -  
t i c s  have no e f f e c t  on t h i s  depth. Since flows a r e  s u b c r i t i c a l ,  water 
surface p r o f i l e  computations a r e  usual ly  required  f o r  t h e  channel down- 
stream of t h e  r i p r a p  prismatic channel o r  s t r u c t u r e .  These water surface 
p r o f i l e  computations evaluate t h e  s t a r t i n g  depth a t  t h e  downstream end of 
t h e  s t ruc tu re .  For t h e  purpose of s t a b i l i t y  analyses,  t h e  lowest probable 
s t a r t i n g  depth corresponding t o  t h e  discharge should always be used. 

Consider a r ip rap  channel and its adjoining upstream and downstream e a r t h  
channels, a l l  having t h e  same dimensions and bottom slopes, but  t h e  r i p -  
r ap  channel having a l a r g e r  coef f i c ien t  of roughness. Since t h e  normal 
depth corresponding t o  a discharge, Q, i n  a prismatic channel is a func- 
t i o n  of t h e  s i d e  slope, z, bottom slope, so, bottom width, b, and k n n i n g ' s  
coef f i c ien t  of roughness, n, t h e  normal depth of t h e  r i p r a p  channel w i l l  be 
g rea te r  than t h e  normal depth of its adjoining channels. ( see  Figure 23,. ) 
I f  t h e  bottom s lope of t h e  r i p r a p  channel is increased s u f f i c i e n t l y ,  t h e  
normal depth of t h e  r i p r a p  channel, dn, w i l l  be l e s s  than t h a t  of i t s  ad- 
joining channels. If t h e  depth a t  t h e  junction of t h e  r i p r a p  channel and 
i t s  adjoining channel downstream is equal t o  t h e  normal depth of t h e  down- 
stream channel, dn,d, then flow jus t  upstream i n  t h e  r ip rap  channel is r e -  
tarded flow. (see  Figure 2b.) Thus t h e  r a t e  of f r i c t i o n  l o s s  is  l e s s  
than t h e  bottom slope, and t h e  ve loc i ty  is increasing and t h e  spec if i c  
energy head is decreasing i n  t h e  upstream d i rec t ion .  The maximum t r a c t i v e  
s t r e s s e s  occur a t  t h e  junction of t h e  r i p r a p  channel and i t s  adjoining up- 
stream channel. The ve loc i ty  may become s o  g rea t  t h a t  t h e  upstream channel 
i s  unstable. In t h i s  s i t u a t i o n  t h e  r ip rap  roughness has not been used e f -  
f i c i e n t l y  t o  d i s s i p a t e  energy. 

If t h e  bottom s lope of t h e  r i p r a p  channel is adjusted such t h a t  t h e  normal 
depth of t h e  r i p r a p  channel equals t h e  normal depth of t h e  adjoining chan- 
nels ,  t h e  flow is  uniform. Therefore, t h e  r a t e  of f r i c t i o n  l o s s  i n  t h e  
r i p r a p  channel is equal t o  i ts bottom s lope and energy is  diss ipated  uni- 
formly. In t h i s  s i t u a t i o n  t h e  r i p r a p  roughness is  used more e f f i c i e n t l y  
t o  d i s s i p a t e  energy. Furthermore, t h e  s p e c i f i c  energy head a t  t h e  upstream 
end of t h e  s t r u c t u r e  is equal t o  t h a t  a t  t h e  downstream end. This i s  more 
compatible wi th  a s t a b l e  design of t h e  upstream channel. 

However, o f t en  t h e  bottom slope of t h e  r ip rap  channel can be increased and 
t h e  bottom width narrowed from a width, BS, t o  a width, BU, such t h a t  t h e  
s p e c i f i c  energy head a t  normal depth i n  t h e  r ip rap  channel equals t h e  spe- 
c i f i c  energy head a t  t h e  junction of t h e  r i p r a p  channel and t h e  downstream 
channel. Then t h e  r a t e  of f r i c t i o n  l o s s  i n  t h e  r i p r a p  channel equals i t s  
bottom slope, sn. Since t h e  bottom s lope i s  increased and t h e  r a t e  of 
f r i c t i o n  l o s s  equals t h e  bottom slope, more energy d i s s ipa t ion  is obtained 
i n  t h e  same leng th  of r i p r a p  channel. Thus, t h e  r i p r a p  roughness is used 
more e f f i c i e n t l y  than i n  any of t h e  previously considered r i p r a p  channels. 
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Also. s ince  t h e  bottom slope i s  increased and t h e  bottom width i s  de- 
creased,  l e s s  r i p r a p  i s  required.  O f  course, when t h e  r i p r a p  channel 
has been narrowed t o  t h e  width BU < BS, t r a n s i t i o n s  of s u f f i c i e n t  
length  a r e  requi red  t o  convert p o t e n t i a l  energy t o  k i n e t i c  energy, and 
v ice  versa ,  with acceptable d i s t r i b u t i o n  of v e l o c i t i e s .  This reasoning 
leads  d i r e c t l y  t o  t h e  r i p r a p  s t r u c t u r e  shown i n  Figure 1. 

Retarded flow I Accelerated flow 

- - - - -  
-- 

Roughness = n 
I Roughness o f  r i p r a p  channel > n I 

(a). Riprap channel and i t s  adjoin ing channels have same 
bottom s lope  and bottom width 

Upstream 
Channel 

/ 

Accelerated flow 

all, u Retarded flow 

-- 
Roughness = n 

Roughness of riprap channel > n 
I 

Riprap Channel 
2 L - 

(b ) .  Riprap channel has t h e  same bottom width but  s t eeper  
bottom s lope  than i t s  adjoin ing channels 

Downstream 
Channel 

+ 

Figure 2. Development of r i p r a p  s t r u c t u r e  concept 

Downstream 
Channel 

). 

Upstream 
Channel 

4 
Riprap Channel 

L - F 



Hydraulic Design of Structure 

The design procedures for stability in this technical release have been 
confined to clear water flows. The conveyance of bed loads presents a 
much more complex set of considerations. In the general stability prob- 
lem involving bed loads, the channel is designed for both clear water 
and bed load flows; each design fulfilling the capacity and stability re- 
quirements. Thus, such a design requires that the capacity of the chan- 
nel be sufficient in the fully aggraded state. In addition, the design 
requires that the banks will not slough, erode, or silt laterally and 
the bed will not aggrade or degrade beyond the design limits. Design 
for only clear water flows implies that the greatest degraded condition 
has occurred and that a certain amount of sediment may be carried in 
suspension, but there will be no future deposition of sediment to cause 
aggradation on the bed or banks. 

Design Discharge 

For purposes of this technical release, design discharge means the largest 
discharge for which stability of the channel or structure is required. The 
design discharge is assumed to be wholly within the banks of the structure. 
The design discharge of the riprap structure is the same as the design dis- 
charge used in evaluating the stability of the channel at both ends of the 
structure. 

Usually, structures that are stable for the design discharge will also be 
stable for all discharges less than the design discharge. However, if the 
structure tailwater decreases very rapidly with small decreases in dis- 
charge, theoretically discharges less than the design discharge may cause 
higher tractive stresses than the design discharge. In this case the 
lesser discharge would actually control the design. Thus where tailwater 
changes very rapidly with respect to discharge, designs should be obtained 
for the design discharge and several lesser discharges. 

If a discharge occurs which is greater than the design discharge, the 
structure may not function properly. Therefore, it is important that the 
design discharge, Q, be selected sufficiently large to minimize the possi- 
bility of extensive damage during the design life of the channel and struc- 
ture. 

Specific Energy Head 

When the bottom slope is subcritical, the normal depth is greater than 
critical depth. If the depth of flow is normal, then the rate of friction 
loss is equal to the bottom slope. This implies that all energy gained by 
virtue of the drop through the riprap structure is dissipated by friction 
losses. Normal or uniform flow may be characterized as flow at a constant 
specific energy head. Specific energy head is given by 

Observe that a channel not flowing at critical depth has two depths corre- 
sponding to the same specific energy head; one depth is subcritical and the 
other is supercritical. All intervening depths have a smaller specific 
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energy head. Therefore, if flow in the channel downstream of the struc- 
ture is subcritical, supercritical flow cannot occur anywhere in the rip- 
rap structure if the structure maintains constant specific energy head 
and slopes are subcritical. 

Manning's Roughness Coefficient 

The predetermination that a riprap channel will flow at a constant spe- 
cific energy head for a given discharge requires a careful evaluation of 
Manning's coefficient of roughness, n, for the channel and also the care- 
ful establishment of the tailwater elevation at the downstream end of the 
structure. The coefficient of roughness, n, for riprap has been experi- 
mentally evaluated as 

where (from Report 108) Cn = 0.0395 

EXPN = 1/6 

Maximum Slope of Prismatic Channel 

When the bottom slope of a channel is near the critical slope correspond- 
ing to a particular discharge, flow in the channel at this discharge is 
considered unstable, i.e., the depth of flow at a section is unpredict- 
able because the depth fluctuates rapidly with any change in boundary 
condition. For this reason the prismatic channel bottom slope, sn, is set 
equal to or less than 0.7 of the critical slope, sc. The bottom slope, 
sn, will be expressed as a fraction of the critical slope, i.e., 

where 0 < CS S 0.7 

Prismatic Channel 

The depth of flow in the prismatic channel of the riprap structure is set 
equal to the normal depth corresponding to the design discharge, Q. 
Therefore, the dissipation of hydraulic energy is at the same rate as the 
energy gain due to the gradient. The specific energy head, H, at every 
section of the riprap structure is set equal to the specific energy head 
of the downstream channel at the junction of the downstream transition and 
the downstream channel, Section A-A of Figure 1. 

The following development shows that there is a unique prismatic channel 
bottom width which will meet the above requirement for a given set of 
values of Q, H, z, and CS. However, this theoretical procedure is not 
used directly in the computer program due to its obvious complexity. In- 
stead, a procedure involving a series of iterations is used as outlined 
in the "Computer Program'' section. 

The discharge, Q, flowing at normal depth, d,, in a channel of bottom 
width, b, and bottom slope, sn, where sn = CS(S,), is from Manning's 
formula 



The discharge, Q, flowing a t  nomaJ depth dn = d,, i n  a channel of bot- 
tom width, b, and bottom slope, s,, is  

Equating equations ( 4 )  and ( 5 )  

d c dn Let xc = b, x, = b, and z = t he  s ide  slope of a trapezoidal section, 

and expand equation (6)  

Equation (7 )  gives the  re la t ion  of t he  c r i t i c a l  depth, dc, and normal 
depth, dn, of a channel having a bottom slope, so = sn = CS(S,). 
Observe t h a t  the  re la t ion  is independent of Manning's n value. The 
functional re la t ionship of equation ( 7 ) is : 

- 
Xn - 

The discharge, 

Q" = 

again l e t  xc = 

Q, corresponding t o  the  c r i t i c a l  depth, d,, is 
3 

d c - and expand equation (8) 
b 

From equations (7a) and ( g a )  and f o r  a given value of CS 

The spec i f ic  energy head, H, i n  t he  r ip rap  s t ruc ture  is 

Q2 1 H = d n + - -  (11) 
2' an2 

. . . . . . . . . . . . . . . . . . . . .  



div id ing  by b, expanding, and l e t t i n g  x, = 7 an 

From equations (10) and (12a) and f o r  a given value of CS 

Rearranging equation ( 12 ) 

U 

Taking t h e  square root  and multiplying by 

Repeating equations (10) and (13) 

Thus, f o r  a given value of CS 

Combining equations (14) and (15) 

Thus, for a given design discharge, Q, flowing at normal depth, dn, and 
f o r  given values of H ,  z ,  and CS, the re  e x i s t s  one unique bottom width, b. 
However, it should be noted t h a t  a solut ion is  not always poss ib le .  

The r e l a t i o n  given i n  equation (16) is independent of t h e  value of t h e  
parameter D50. However, t h e  c r i t i c a l  slope, s,, depends on t h e  value 
of n, and n is a function of DS0 s ince  from equation ( 2 ) ,  n = C ~ ( D ~ ~ ) ' / ' .  
Therefore, t h e  s lope  of t h e  prismatic channel, sn, depends on t h e  D50 
s i z e  of t h e  r ip rap .  



Thus, from equation ( 5 )  

and from equation ( 3 ) ,  sn = C S ( S ~ )  

Transi t ions 

The function of a  t r a n s i t i o n  i s  t o  convert p o t e n t i a l  energy t o  k i n e t i c  
energy, o r  v ice  versa ,  i n  such a manner t h a t  an acceptable ve loc i ty  d is -  
t r i b u t i o n  i s  provided. Generally, t r a n s i t i o n s  a r e  designed t o  avoid ex- 
cess ive  energy losses  i n  t h e  flows they convey. This funct ion i s  contrary 
t o  t h e  goal of t h e  designer of t r a n s i t i o n s  f o r  these  gradient  control  
s t ruc tu res .  However, t h e  design f o r  e i t h e r  function l eads  t o  t h e  same 
bas ic  proportioning of t h e  t r a n s i t i o n .  

Converging i n l e t  t r a n s i t i o n s  located  at t h e  upstream end of t h e  r i p r a p  
s t r u c t u r e s  a r e  designed wi th  a rate of convergence of t h e  bottom width, 
CONV. The l eng th  of t h e  upstream t r a n s i t i o n ,  LUT, i s  equal t o  

CONV LBS ; BU] . The i n l e t  t r a n s i t i o n  conveying t h e  design discharge, 

Q, a t  s u b c r i t i c a l  flow, converts p o t e n t i a l  energy t o  k i n e t i c  energy. 
The ve loc i ty  increases and t h e  depth decreases i n  t h e  d i r e c t i o n  of flow. 
See Figure lo 

Diverging o u t l e t  t r a n s i t i o n s  located  a t  t h e  downstream end of t h e  r i p r a p  
s t r u c t u r e s  a r e  designed with a r a t e  of divergence of t h e  bottom width, D I V .  

The length  oF t h e  downstream t r a n s i t i o n ,  LDT, i s  equal t o  D I V  [Bs i ;"I . 
Flows i n  diverging t r a n s i t i o n s  a r e  expanding. I f  t h e  r a t e  of divergence 
i s  too rapid ,  t h e  expanding flows tend t o  separa te  from t h e  boundary and 
an uneven ve loc i ty  d i s t r i b u t i o n  may o c c u .  Therefore, a  long t r a n s i t i o n  
i s  required  t o  ensure an acceptable ve loc i ty  d i s t r i b u t i o n .  The o u t l e t  
t r a n s i t i o n  converts k i n e t i c  energy t o  p o t e n t i a l  energy, and t h e  ve loc i ty  
decreases and depth increases  i n  t h e  d i rec t ion  of flow. 

The t r a n s i t i o n s  associa ted  with t h e  r i p r a p  s t r u c t u r e  a r e  designed t o  
convey t h e  design discharge,  Q,  throughout t h e  t r a n s i t i o n s  a t  a  constant 
s p e c i f i c  energy head, H. To maintain a constant  H when t h e  bottom width 
i s  changing requires  t h a t  t h e  bottom slope of t h e  t r a n s i t i o n  be va r iab le ,  
changing from t h e  slope of t h e  r i p r a p  prismatic channel t o  f l a t t e r  s lopes 
a t  t h e  upstream and downstream ends of t h e  s t r u c t u r e .  The instantaneous 
bottom slope a t  any sect ion of t h e  t r a n s i t i o n  i s  equal t o  t h e  r a t e  of 
f r i c t i o n  head l o s s  a t  t h a t  sec t ion  when t h e  design discharge,  Q ,  i s  flow- 
ing a t  normal depth, dn, and a t  t h e  design spec i f i c  energy head, H .  



The bottom width of the transition, bj, varies linearly from BS to BU 
through the length of transition, LT. The side slope, z, also varies 
linearly from ZS to ZU through the length, LT. Thus, at a particular 
section, j, of the transition 

aj = BU + J(BS - BU) and 

z = Z U + J ( Z S  - ZU) 
where 

Distance in the transition from section j to section of width BU 
J = LT 

Thus at a section j the constant specific energy head, H, is 

The rate of energy loss, s, at section j of the transition having a 
bottom slope, so, and conveying the design discharge, Q, at normal 
depth, dn, is 

an = (bj + zdn)dn 

The bottom slope of the transition at section j is equal to the energy 
slope, s . 
Conversion losses in the transitions are not considered in the design 
of the riprap structure since a more conservative design of the struc- 
ture is obtained by ignoring these losses. If the conversion losses 
were considered, the depth of flow in the structure would be increased 
slightly, the velocity decreased, and the tractive stress decreased. 
However, the conversion losses may be significant in the determination 
of an upper limit for the water surface profile upstream of the riprap 
structure, particularly where structures are used in series and some 
accumulation of conversion losses may occur. 

The approximate conversion losses are given in the computer output 
following the riprap structure design. The equations used to determine 
the conversion losses are taken from ~enderson~ 

Conversion head loss in diverging transition = 0. ~(vN-VS)" 
2g 

Conversion head loss in converging transition = c(VN2 
2g - 

DN 
When - s 1.0 ; C = 0.04 BU 

DN In the computer program when 1.0 < - < 1.3, the coefficient, C, varies 
linearly from 0.04 to 0.11. BU 

2 ~ .  M. Henderson. "Open Channel Flow"  h he MacMillan Company, N e w  York; 
Collier-MacMillan, Canada, LTD., Toronto, Ontario, 1966 ), p . 237-238. 



Design of Riprap 

Riprap as used i n  t h i s  technical  r e lease  cons i s t s  of loose rocks o r  
granulars  of rock having a u n i t  weight of approximately 165 l b s / f t 3 .  
The individual  rocks o r  granulars  have no cohesive proper y nor a r e  
they cemented. The experimental r e s u l t s  i n  Report 108 sh w the  DSo 
s i z e  of t h e  r i p r a p  varying approximately within t h e  i n t e r  a l :  I 

5.3 x l o m 4  f t ( =  0.1 W) D~~ 1 . 0  f t  (=  395 mm) 
I 

where 
DsO 

I 
Size  of  rock i n  r ip rap  of which 50 percent by wei h t  i s  f i n e r ,  f t .  b 

Thus, channels constructed i n  granular noncohesive mater ia ls  of s u f f i -  
c i en t  s i z e ,  such a s  loose sands and gravels ,  may be designkd using t h e  
same procedures used f o r  r i p r a p  channels. 1 

The r ip rap  i s  designed t o  prevent s ign i f i can t  movement of t h e  rock when 
t h e  s t r u c t u r e  i s  conveying t h e  design discharge, Q. The s t h b i l i t y  de- , 
s ign i s  accomplished by providing 

r i p r a p  of s u f f i c i e n t  s i z e  t h a t  no s ign i f i can t  movement 
of t h e  individual  rocks o r  p a r t i c l e s  occurs due t o  t h e  
t r a c t i v e  s t r e s s e s  caused by t h e  flow and 

r i p r a p  l i n i n g  of s u f f i c i e n t  thickness o r  t h e  combination of 
r i p r a p  l i n i n g  and f i l t e r  l aye r  t o  prevent leaching. 

The following discussion def ines  t h e  c r i t i c a l  and allowable t r a c t i v e  
s t r e s s e s  as r e l a t e d  t o  r i p r a p  D50 s i z e  and describes how t o  obta in  t h e  
values of t h e  a c t u a l  maximum t r a c t i v e  s t r e s s  on t h e  s ides  and bottom of a 
prismatic channel. Then, t h e  c r i t e r i a  f o r  determining t h e  minimum ac-  
ceptable  r i p r a p  s i z e  is given along with o the r  r i p r a p  requirements. 

C r i t i c a l  Tract ive  S t r e s s  

The c r i t i c a l  t r a c t i v e  s t r e s s  is t h a t  t r a c t i v e  s t r e s s  which i n i t i a t e s  
movement of t h e  r iprap.  For a given r ip rap  s i ze ,  t h e  t r a c t i v e  s t r e s s  
required t o  i n i t i a t e  movement is  l e s s  f o r  r i p r a p  placed on t h e  s i d e  
s lopes  of a t rapezoidal  channel than f o r  r ip rap  placed on t h e  bottom of 
t h e  channel. The c r i t i c a l  t r a c t i v e  s t r e s s  f o r  r i p r a p  on t h e  bottom of 
t h e  channel, 7bc, as obtained from experimentation is  approximately a 
l i n e a r  funct ion of t h e  r i p r a p  s i ze ,  DS0. 

where C50 = 4.0 (from Report 108) 

Riprap placed on t h e  s i d e  slopes of a t r apezo ida l  channel is  subjected 
t o  t h e  g r a v i t a t i o n a l  force,  which tends t o  p u l l  t h e  r i p r a p  down t h e  s i d e  
slope, i n  addi t ion  t o  t h e  t r a c t i v e  s t r e s s  caused by t h e  flow. The c r i t i -  
c a l  t r a c t i v e  s t r e s s  f o r  r i p r a p  placed on t h e  s i d e  s lope  of t h e  t rapezoi-  
d a l  channel, TSC, being somewhat l e s s  than TbC, i s  s e t  equal t o  K times 
TbCo The coef f i c ien t ,  K, depends c h i e f l y  cn t h e  angle of repose, 8, of 
t h e  r ip rap  and the  s i d e  slope, z, on which the  r ip rap  is  placed. The 
angle of repose depends on t h e  s i ze ,  angulari ty,  and shape of t h e  r iprap.  
Approximate values of t h e  angle of repose a r e  given by Figure 1 6  i n  
Report 108. The r e l a t i o n  of K, 8, and z is of ten  taken as 



The c r i t i c a l  t r a c t i v e  s t r e s s  f o r  r i p r ap  placed on a s i de  slope becomes 
. . . . . . . . . . . . . . . .  T~, = =  KC^^ D~. (23) 

Allowable Tractive S t ress  

As wi th  many engineering calcula t ions ,  a f a c to r  of safe ty ,  FS, is ap- 
p l i ed  t o  determine the  allowable t r a c t i v e  s t r e s s .  The allowable t r a c t i v e  
s t r e s s  is  obtained by dividing t h e  c r i t i c a l  t r a c t i v e  s t r e s s  by t he  fac-  
t o r  of safe ty .  Thus, t h e  allowable t r a c t i v e  s t r e s s  f o r  t he  channel 
bottom, 7ba, and f o r  t he  s i de  slopes,  TSaJ becomes 

Average Tractive S t ress  

The average t r a c t i v e  s t r e s s ,  Tav, may be ana ly t i ca l ly  ascertained by t he  
assumption t h a t  a l l  f r i c t i o n a l  losses  a r e  caused by f r i c t i o n a l  forces on 
t he  boundary of t he  r iprap l i n ing .  This f r i c t i o n a l  force,  Ff, ac t ing  on 
a moving body of water i n  a d i rec t ion  opposite t o  t h a t  of t he  flow is 
shown i n  Figure 3. 

Figure 3. Forces ac t ing  on a moving body of water 



where 

s i n  a = t a n  CY = so and cos CY = 1 

average veloci ty ,  va = V1 + v2 
2 

d l  + d2 
average flow area, a, = ba( 1 

vl and v2 average ve loc i ty  a t  Sections L and 2 respect ively  
ba = average width of  t h e  channel 

From Newton's second law of motion 
dv 

F = M -  
d'c 

Where from Figure 3; 

M = y Q d t  s mass of body of water between Sections 1 and 2 
g 

d t  = t i m e  i n t e r v a l  f o r  flow t o  move from Section 1 t o  Section 2 

dv = t h e  change i n  ve loc i ty  of flow between Section 1 and 
Section 2 

F = F,, - F2 + cos U(W s i n  a - F ~ )  - Summation of a l l  horizon- 
t a l  forces  ac t ing  on t h e  
body of moving water 

The energy l o s s  i n  f t - l b  pe r  pound of water between sect ions  1 and 2 i s  
equal t o  FfR d iv ided  by the  weight of water, W, 

S u b s t i t u t e  t h e  
by Y a, 

F f 

Q a t  aa 

values of F1, F2, and W so in to  Q u a t i o n  (26) and divide  



From Bernoul l i ' s  equation of conservation of  energy, t h e  t o t a l  energy a t  
Section 1 is  equal t o  t h e  t o t a l  energy a t  Section 2 p lus  t h e  energy l o s s  
between Sections 1 and 2; r e f e r  t o  Figure 3. 

Ff - t o t a l  energy l o s s  between Sections 1 and 2 i n  f t - l b  . hf = - = 
p.er pound of water 

The average t r a c t i v e  s t r e s s ,  ray, i n  pounds per  uni t  area,  on t h e  boundary 
of t h e  r i p r a p  l i n i n g  is  equal t o  Ff divided by pR 

where 7 = Unit weight of water = 62.4 l b / f t 3  

a r = - G Hydraulic radius,  ft 
P 

a = Flow area, f t 2  

p r Wetted perimeter of r ip rap  l in ing ,  f t  

Q s = s (-) = Rate of f r i c t i o n  loss ,  f t / f t  
O Qn,d 

Dis t r ibut ion of Tract ive  S t ress  

Tract ive  s t r e s s e s  a r e  not  uniformly d i s t r i b u t e d  along t h e  boundary of 
t h e  r i p r a p  l in ing ,  see  Figure 4. The maximum t r a c t i v e  s t r e s s  depends on 

1. t h e  r a t i o  of t h e  bottom width, b, t o  t h e  depth of flow, 
d, and 

2. t h e  s i d e  s lope  of t h e  channel, z. 

Figure 4. Dis t r ibgt ion of t r a c t i v e  s t r e s s  along t h e  
wetted perimeter of a r i p r a p  l i n i n g  



Usually t h e  maximum t r a c t i v e  s t r e s s  is on t h e  bottom o f  t h e  r i p r a p  sec-  
b t i o n .  For smal l  va lues  o f  - t h e  m a x i m u m  t r a c t i v e  s t r e s s  is  on t h e  s i d e  
d' 

s lopes  of t h e  r i p r a p  sec t ion ,  s e e  F igures  5 and 6 .  These f i g u r e s ,  ob- 
rr - 
' s m  t a i n e d  from Report 108, g ive  t h e  va lues  o f  C'r8 = ;- and Cm = :%, r e -  
' av  ' a v  

s p e c t i v e l y .  Tsm is t h e  maximum t r a c t i v e  s t r e s s  a long  t h e  r i p r a p  l i n i n g  
on t h e  s i d e  s lopes  of  t h e  channel and Tbm is  t h e  maximum t r a c t i v e  s t r e s s  
a long  t h e  r i p r a p  l i n i n g  on t h e  bottom of  t h e  t r a p e z o i d a l  s e c t i o n .  

Minimum Acceptable Riprap S i z e  -- 
The minimum accep tab le  r i p r a p  s i z e  is determined from one of t h e  follow- 
ing  two c r i t e r i a ,  whichever c o n t r o l s :  

1. t h e  maximum t r a c t i v e  s t r e s s  a long  t h e  bottom, Tbm! 
must be  equal  t o  o r  l e s s  than  t h e  al lowable t r a c t l v e  
s t r e s s  f o r  t h e  r i p r a p  on t h e  bottom 

Tbm ' Tba 

where 

2 t h e  maximum t r a c t i v e  s t r e s s  along t h e  s ides ,  Ts,, must 
be equal  t o  o r  l e s s  t han  t h e  a l lowable  t r a c t i v e  s t r e s s  
f o r  t h e  r i p r a p  on t h e  s i d e s .  

'sm 'sa 
where 

Thus, t o  prevent  movement of t h e  ind iv idua l  rocks o r  p a r t i c l e s  by t h e  
t r a c t i v e  s t r e s s  caused by t h e  flow, t h e  above two condi t ions  must be 
s a t i s f i - e d  a t  every s e c t i o n  i n  t h e  r i p r a p  s t r u c t u r e .  

Binran Gradation 

The r i p r a p  grada t ion  should y i e l d  a smooth s i z e  d i s t r i b u t i o n  curve and 
t h e  r i p r a p  should not be s k i p  graded. The recommended Gradation Index 
eva lua ted  from t h e  d i s t r i b u t i o n  curves f o r  t h e  m a t e r i a l s  used i n  t h e  
channel s t a b i l i t y  experiments of Report 108 i s  

Gradation Index = 

The r i p r a p  grada t ion  a f f e c t s  t h e  r equ i r ed  th i ckness  of r i p r a p  l i n i n g .  
For wel l  g ~ a d e d  r i p r a p ,  t h e  i n t e r s t i c e s  between l a r g e r  rocks  a r e  f i l l e d  
wi th  smal le r  rocks ;  t hus  t h e  l each ing  p o t e n t i a l  i s  reduced and t h e  r e -  
qu i red  r i p r a p  l i n i n g  th i ckness  i s  smal le r  t han  t h a t  f o r  a more uniform1.y 
graded r i p r a p .  Therefore,  as t h e  g rada t ion  index i n c r e a s e s ,  t h e  r i p r a p  
l i n i n g  th i ckness  may be decreased.  



F i l t e r  

Leaching i s  the  process by which the  f i n e r  base materials  beneath the 
r ip rap  a r e  picked up and carr ied away by the  turbulence t h a t  penetrates 
t he  i n t e r s ~ i c e s  of the  r iprap.  Leaching is reduced t o  a negligible 
r a t e  by using a properly designed f i l t e r  under the  r iprap o r  by making 
the  r iprap layer  th ick enough and with f i n e  enough in te rs t i ces  t o  keep 
erosive currents away from underlying s o i l .  

Report 108 recommends t he  use of a f i l t e r  l ayer  i f  t he  following c r i t e r i a  
a r e  not met: 

D15 Riprap Dl, Riprap 

DS5 Base < 5 <  D15 Base 
< 4 0  

where D15, DS0, and Ds5 a r e  the  s izes  of r ip rap  and base material  of 

which 15, 50, and 85 percent a r e  f i n e r  by weight. 

Thickness of Riprap Lining 

The required thickness o f  t h e  r ip rap  l i n ing  is based la rge ly  on exper- 
ience. Construction techniques, discharge, s i z e  of channel, s i ze s  and 
gradation of r iprap,  e tc . ,  should be taken in to  consideration when 
determining the  thickness of r iprap l in ing .  The following th ree  c r i -  
t e r i a  f o r  thickness of r ip rap  l i n ing  have been suggested: 

1. a thickness of th ree  times the  D50 s i z e  i f  a f i l t e r  
l ayer  i s  not used 

2 .  a thickness of one and a half  t o  two times t he  DS0 
s i z e  i f  a f i l t e r  l ayer  is used 

3 .  a thickness a t  l e a s t  one and a half times t h e  maximum 
p a r t i c l e  s i z e  if a f i l t e r  l ayer  is used. 

Riprap Quanti ty i n  Prismatic Channel 

The wetted perimeter, pn, and bottom slope, sn, associated with t he  
design of a r ip rap  s t ruc ture  a f f e c t  the  quanti ty of r iprap.  For a given 
design and amount of gradient; control  required in the  prismatic channel, 

Pn t he  l e a s t  amount of r ip rap  is obtained when t h e  value of - i s  minimum. 
S n 

A s ide  slope, ZU, i n  t he  range of 2, 2.5, o r  3 usually yie lds  a minimum 
Pn value of -. 
rl 



b - 
d 

Figure 5- Maximum tractive stress on sides of trapezoidal channels 

b - 
d 

Figure 6. Maximum tractive stress on bottom of trapezoidal channels 



Summary of  Design C r i t e r i a  
- 

The fol lowing b a s i c  c r i t e r i a  govern t h e  design of t h e  r i p r a p  s t r u c t u r e :  

1. The s p e c i f i c  energy head, H ,  at every s e c t i o n  of  t h e  r i p -  
rap s t r u c t u r e  i s  s e t  equal t o  t h e  s p e c i f i c  energy head a t  
t h e  junc t ion  of t h e  downstream t r a n s i t i o n  and t h e  downstream 
channel ,  Sec t ion  A-A of Figure 1. S p e c i f i c  energy head i s  
given by 

2. The p r i sma t i c  channel bottom s lope ,  sn, i s  s e t  equal  t o  o r  
l e s s  t han  0.7 of  t h e  c r i t i c a l  s lope ,  s,. The bottom s lope ,  
sn, i s  expressed a s  a f r a c t i o n  of t h e  c r i t i c a l  s lope ,  i - e . ,  

where 0 < CS 0.7 

3 .  Manning's c o e f f i c i e n t  of  roughness,  n ,  i s  a func t ion  of t h e  

50 s i z e  of the  r i p r a p  and has been eva lua ted  t o  be 

4. The c r i t i c a l  t r a c t i v e  s t r e s s  i s  a  l i n e a r  func t ion  of t h e  
D50 s i z e  of  t h e  r i p r a p ,  i. e .  , 

TbC = 4.0 D50 

5 .  The r i p r a p  s i z e  and s t r u c t u r e  dimensions a r e  s e l e c t e d  so t h a t  
f o r  t h e  design d ischarge  t h e  maximum t r a c t i v e  s t r e s s  on t h e  
r i p r a p  does not  exceed t h e  al lowable t r a c t i v e  s t r e s s .  E i t h e r  
s i d e  o r  bottom t r a c t i v e  s t r e s s  may c o n t r o l .  

For a given design d i scha rge ,  Q, s p e c i f i c  energy head, H ,  and s i d e  s lope ,  
z ,  t h e  v a r i a b l e s  t h a t  must be ad jus t ed  t,o meet t h e s e  condi t ions  a r e  bottom 
width,  b;  bottom s lope ,  so; and r i p r a p  s i z e ,  D50. 

The l eng th  of t h e  p r i sma t i c  channel,  LPC, i s  equal  t o  t h e  v e r t i c a l  drop of 
t h e  p r i sma t i c  channel d iv ided  by t h e  bottom s lope ,  s n .  The v e r t i c a l  drop 
of t h e  p r i sma t i c  channel depends on t h e  amount of  g rad ien t  c o n t r o l  re- 
qui red .  





Computer Program 

A computer program i s  ava i l ab le  which determines dimensions and param- 
e t e r s  associa ted  with t h e  design of a r i p r a p  gradient  con t ro l  s t ruc -  
t u r e .  The s t r u c t u r e  i s  designed t o  flow a t  a constant  s p e c i f i c  energy 
head when conveying t h e  design discharge,  Q. The design i s  made f o r  
e i t h e r  t h e  maximum D5O r i p r a p  s i z e  o r  f o r  t h e  maximum CS value,  which- 
ever con t ro l s .  

The parameters Q, ZU, and H (or  t h e  equivalent  of H, i n  terms of two 
of t h e  parameters BS, DS and VS) a r e  always input t o  t h e  program. The 
s o l u t i o n  f o r  each design is highly impl ic i t .  Two b a s i c a l l y  d i f f e r e n t  
design approaches a r e  used i n  t h e  program. The appl icable  approach 
depends on whether o r  not  D50 is  spec i f i ed  by t h e  user .  These two 
approaches i n  s impl i f ied  form a r e  shown i n  t h e  flow char t  of Figure 7 .  

Default values a r e  used f o r  c e r t a i n  parameters i f  t h e i r  values a r e  not 
spec i f i ed  by t h e  user .  These parameters a r e  c a l l e d  de fau l t  parameters. 

Modes 

The computer program operates i n  one of four  modes numbered 1 through 
4. A mode must be spec i f i ed  f o r  each design run. A computer job may 
contain one o r  more design runs cons i s t ing  of  t h e  same o r  d i f f e r e n t  
modes. 

Mode 1 obtains only t h e  design of a r i p r a p  pr ismat ic  channel. Modes 
2, 3, and 4 obta in  t h e  design of t h e  pr ismat ic  channel and both  t r a n -  
s i t i o n s  of t h e  r i p r a p  s t r u c t u r e .  

Mode 1 permits t h e  s p e c i f i c a t i o n  of t h e  d e f a u l t  parameter, D5O. 

Mode 2 permits t h e  s p e c i f i c a t i o n  of any o r  a l l  of t h e  three defaul t  
parameters D50, CONV, and Dm. Mode 2 requi res  t h a t  two and only two 
of t h e  four  parameters H, BS, DS, and VS be speci f ied;  otherwise, the 
computer p r i n t s  an e r r o r  code and t h e  computations f o r  t h i s  design 
run cease. 

Mode 3 is t h e  same as mode 2 except f o r  an add i t iona l  line of input 
which permits t h e  user  t o  spec i fy  values f o r  any o r  a l l  of t h e  de fa ,d t  
parameters CS, C50, FS, THETA, CN, and EXFN. 

Mode 4 i s  t h e  same a s  mode j except f o r  t h e  parameter,  ZS; in s t ead  of  
ZS mode 4 r equ i res  t h e  s p e c i f i c a t i o n  of ZL and ZR f o r  d i f f e r e n t  s ide  
slopes a t  t h e  ends of t h e  r i p r a p  s t r u c t u r e .  Also, i n  mode 4 t h e  param- 
e t e r s  BS and DS must be spec i f i ed .  



Set  I-A 

t- [ Assume a value of b and determine d, and d- 
+ y Assume a value of b and determine d, L ' I  

a lo 
such t h a t  = (CSU)" 

4 
PC pn4 

where 

Compute I 

NO YES 

Step bottom width, 

Compute b 
Obtain C,, and Cn from 

Obtain CTS and CTb from Figures 5 and 6 

I NO I YES I 
Step bo t tomhid th ,  b 4 

Determine d, from equation (8 )  ! $ = g  , - 1  
[D50Imin > [D501 allowable ? 

BU = b 

S e t  

Figure 7.  Flow c h a r t  of  procedure used i n  computer program t o  determine t h e  bottom width 



Summary of Input Data 

= Required parameters 

z Default parameters, d e f a u l t  values used unless values 
a r e  specif  fed by t he  user 

5 Two and only two of t h e  four  parameters, H, BS, DS, 
and VS a r e  required 

1st l i n e  - 2.0 Q ZU 
2 TI".... 

2nd l i n e  - ZS - L;::::: B ~ q  :A - 

O r d e r  of Parameters Mode 

3rd l i n e  i 

Required 
Lines 

ZU 1 1st l i n e  [ T I  Q - 1 .O 

- 
- 

LET1 - 

H 

ZU 

BS 

I] 
4 

- - 

- 

[EGq 
- 

m] 
DS 

I 4  

4.0 

ZL 

pqp5q 

- 

I]' 
1st l i n e  

2nd l i n e  

3 rd  l i n e  

Q 

ZR 

- 
- 
- 



Input Data 

The l i n e  arrangement of input d a t a  and t h e i r  locat ions  f o r  t h e  four  
modes is given i n  t h e  "Summary of Input Data" on t h e  preceding page. 

Required data  common t o  a l l  modes. Each computer job requires  two l i n e s  
of information. Each l i n e  cons i s t s  of 80 or  less  alphanumeric charac- 
t e r s .  This information must be placed ahead of  t h e  o ther  input  data  and 
i s  general ly f o r  iden t i fy ing  and documenting the  designs. Other required 
data  common t o  a l l  modes a re :  

1. Mode nwnber (1.0, 2.0, 3.0, o r  4.0) 

2. Q, design discharge t o  be conveyed within t h e  pr ismat ic  
channel of t h e  r i p r a p  s t r u c t u r e  

3 .  ZU, s i d e  slopes of t h e  prismatic channel of t h e  r i p r a p  
s t r u c t u r e .  

Other required data.  
1. Mode 1 requires  t h e  s p e c i f i c  energy head, H, correspond- 

ing  t o  t h e  design discharge. 

2. Modes 2 and 3 

a .  Two, and only two, of t h e  parameters H, BS, DS 
and VS are required.  The other two parameters 
a r e  ascer ta ined by t h e  computer. 

Bottom width a t  t h e  ends of r i p r a p  
s t ruc tu re ,  f t  

Depth of flow a t  design discharge a t  
t h e  ends of r i p r a p  s t ruc tu re ,  f t  

Velocity at design discharge at the ends 
of  r i p r a p  s t r u c t u r e ,  f t / s e c  

b. ZS, .$h_e s i d e  s lope  a t  t h e  ends of r i p r a p  s t r u c t u r e  
i s  required 

3 .  Mode 4 requires  ZL, ZR, BS, and DS. The s p e c i f i c  energy 
head, H, and t h e  veloci ty ,  VS, a r e  defined by t h e  s p e c i f i e d  
BS and DS. 

ZL = 

Default Parameters 

Side s lope  of the  l e f t  bank a t  t h e  ends 
of r ip rap  s t ruc tu re ,  see  SECTION A-A, 
Figure 1, f t / f t  

Side s lope  of t h e  r i g h t  bank (looking down- 
stream) a t  t h e  ends of r i p r a p  s t ruc tu re ,  
f t / f t  

A l l  o ther  parameter values required f o r  t h e  design a r e  obtained by 
de fau l t  unless they a r e  spec i f i ed .  The spec i f i ed  value of each 
p ~ r a m e t e r  must be g r e a t e r  than zero. Default parameters D50, CONV, 
and D I V  may be spec i f i ed  i n  modes 2, 3, and 4. The remaining de fau l t  
parameters may be speci f ied  only i n  modes 3 and 4. A value of 0.0 o r  
a blank f o r  a de fau l t  parameter is in te rp re ted  t o  mean t h e  de fau l t  
value i s  t o  be used. 



The defau l t  parameters D50 and CS have de fau l t  values equal t o  t h e i r  
recommended maximum allowable values.  These a r e  : 

Default values and recommended maximum 
D50 CS = = 0.7 O f t  l] allowable values 

where 
D50 5 Size of rock i n  r i p r a p  of which 50 percent by weight 

is f ine r ,  ft  ( ~ 5 0  > 1 . 0  f t  may be spec i f i ed)  
CS = Ratio of normal slope, SN, t o  c r i t i c a l  slope, SC 

The defaul t  
recommended 

cow = 
D I V  = 

where 
cow = 

parameters CONV and D I V  have defaul t  values equal t o  t h e i r  
minimum allowable values.  These a r e :  

Default values and recommended minimum 
2.c 4.0 1 allowable values 

Rate of convergence of t h e  bottom width of t h e  upstream 
t rans i t ion ,  see  Figure 1, f t / f t  

Rate of divergence of t h e  bottom width of t h e  downstream 
t rans i t ion ,  f t / f t  

The values of any of t h e  following de fau l t  parameters may be speci f ied .  
The de fau l t  values of these  de fau l t  parameters a re :  

THETA = 3 5 O  

CN =0.0395 

arm = o .1667 
where 

FS 5 Factor of safety 

C50 'Coeff ic ient  used in t h e  equation, Tbc = C50D50 

THETA Angle of repose of t h e  r iprap,  degrees 

CN = Coefficient  used i n  t h e  equation f o r  computing 

Manning's roughness coef f i c ien t ,  n = Cn [ D ~ ~ ]  EXPN 

EXPN 5 Value of t h e  exponent i n  the  equation f o r  computing 
Manning's roughness coeff ic ient ,  n. 

Limitations 

When t h e  input da ta  a r e  not consis tent  o r  have exceeded t h e  l i m i t a -  
t i o n s  s e t  i n  t h e  program, a message w i l l  be pr in ted  out  indica t ing t h e  
reason computations cannot be continued and what t h e  next course of 
ac t ion  w i l l  be. For example: 

"FOR CS = 0.7000 THE COMPUTED VALUE OF D5O = 1.182 FT IS GFEATER 
TH!UJ THE SPECIFIED OR ALLOWABLF D50. SOLUTION FOR CS WILL BE 
MADE USING SPECIFIED OR ALLOW ABLE^ D ~ O  OF 1.000 FT . " 

For d e t a i l s  of maximum and minimum allowable values and l imi ta t ions ,  
r e f e r  t o  t h e  discussions under "Default Parameters" and t h e  e r r o r  codes 
under "Messages. " 



Output Data 

The alphanumeric information i n  t h e  first two l i n e s  of input  a r e  p r in ted  
by each design run. The p r in ted  alphanumeric information is  followed by 
t h e  da ta  used f o r  t h e  design run. 

The output  da ta  f o r  t h e  dimensions and parameters of t h e  s t r u c t u r e  a r e  
given i n  t h e  following order:  

1. Transi t ion  at  t h e  downstream end 

2. Prismatic channel 

3 .  Transi t ion  at t h e  upstream end 

The output f o r  values of KPS and FRIC  SLOPE a r e  given i n  an  E format 
code containing an exponent. The exponent i s  t h e  power of  1 0  by which 
t h e  output  value is  mul t ip l ied  t o  obta in  i t s  t r u e  value. For example: 

3.723-03 = 3.72 x  loe3 = 0.00372 

The headings used f o r  t h e  output f o r  t h e  t r a n s i t i o n s  a r e :  

LENGTH 
m 

RISE 
m 

WIDTH 
Fr 
z 

ZLT 

ZRT 

DEPTH 
FT 

TOP WD 
FT 

TAU 

Length from t h e  downstream end of t h e  t r a n s i t i o n  t o  any 
sec t ion  j of t h e  t r a n s i t i o n ,  f t  

The v e r t i c a l  d is tance  from t h e  bottom of  t h e  channel, a t  
t h e  downstream end of t h e  t r a n s i t i o n , t o  t h e  bottom of 
t h e  channel a t  any sec t ion  j i n  t h e  t r a n s i t i o n ,  f t  

The bottom width a t  any sec t ion  j i n  t h e  t r ans i t ion ,  f t  

Modes 2 and 3 only; t h e  s i d e  s lope  a t  any sec t ion  j i n  
t h e  t r a n s  i t ion ,  f t / f t  

Mode 4 only; t h e  l e f t  s i d e  s lope  at  any sec t ion  j i n  t h e  
t r a n s i t i o n ,  f t / f t  

Mode 4 only; t h e  r i g h t  s i d e  s lope  a t  any sec t ion  j i n  
t h e  t r a n s i t i o n ,  f t / f t  

The depth a t  any sec t ion  j i n  t h e  t r a n s i t i o n ,  f t  

Mode 4 only; t h e  top  width a t  any sec t ion  j i n  t h e  
t r ans  i t i o n  corresponding t o  DEPTH, f t  

Modes 2 and 3 only; t h e  maximum t r a c t i v e  s t r e s s  a t  any 
sec t ion  j i n  t h e  t r a n s i t i o n ,  l b / f t 2  

Mode 4 only; t h e  average t r a c t i v e  s t r e s s  a t  any sec t ion  
j i n  t h e  t r a n s i t i o n .  The m a x i m u m  t r a c t i v e  s t r e s s  cannot 
be obtained, because t h e  value of C T ~  o r  CTS is  unknown 
f o r  t rapezoidal  cross sec t ions  having unequal s i d e  
slopes, 1b / f t2  

The ve loc i ty  at  any sec t ion  j of t h e  t r a n s i t i o n ,  f t / s e c  

The instantaneous s lope  of  t h e  energy grade l i n e  a t  any 
s e c t i o n  j, f t / f t  



The symbols used f o r  output  f o r  t h e  pr ismat ic  channel a r e :  

D5OU The D50 s i z e  of r ip rap  used i n  t h e  design of r i p r a p  
s t ruc tu re ,  f t  

CSU - E Ratio of bottom slope t o  c r i t i c a l  s lope  used i n  t h e  

design of r i p r a p  s t r u c t u r e  

FSU r Factor of s a f e t y  used in t h e  design of r i p r a p  s t r u c t u r e  

BU Bottom width of t h e  prismatic channel, f t  

ZU E Side s lope  of t h e  prismatic channel, f t / f t  

SN E Bottom s lope of t h e  pr ismat ic  channel, f t / f t  

HN E Normal s p e c i f i c  energy head corresponding t o  t h e  design 
discharge, Q, i n  t h e  prismatic channel, f t  

DN 2 Depth of flow corresponding t o  t h e  design discharge, Q, i n  
t h e  pr ismat ic  channel, f t  

VN =- Velocity a t  normal depth corresponding t o  t h e  design 
discharge, Q, i n  t h e  prismatic channel, f t / s e c  

RN r Hydraulic radius  a t  normal depth i n  t h e  prismatic channel, f t  

SC E C r i t i c a l  s lope  corresponding t o  t h e  design discharge, Q, i n  
t h e  prismatic channel, f t / f t  

HC E C r i t i c a l  spec i f i c  energy head corresponding t o  t h e  design 
discharge, Q, i n  t h e  pr ismat ic  channel, f t  

DC ? C r i t i c a l  depth corresponding t o  t h e  design discharge, Q, i n  
t h e  prismatic channel, f t  

N = C N ( D ~ ~ U )  EXPN Manning's coef f i c ien t  of roughness 

K = Ratio of c r i t i c a l  t r a c t i v e  s t r e s s  on s ide  s lope  t o  c r i t i c a l  
t r a c t i v e  s t r e s s  on bottom of t h e  t rapezoidal  channel 

WS = % = Ratio of wetted perimeter t o  bottom slope of t h e  
S n 
pr ismat ic  channel 

CTAUB E A coef f i c ien t  used t o  determine t h e  maximum t r a c t i v e  s t r e s s  
along t h e  boundary of t h e  r i p r a p  l i n i n g  on t h e  bottom of t h e  
prismatic channel 

TAUBM = (CTAUB)(~)(IW)(SN) =- The maximum t r a c t i v e  s t r e s s  along t h e  
r i p r a p  l i n i n g  on t h e  bottom of t h e  pr ismat ic  channel, l b / f t 2  

T A W  = c50 D50u E The allowable t r a c t i v e  s t r e s s  f o r  t h e  r ip rap  
FSU 

l i n i n g  on t h e  bottom of t h e  prismatic channel, l b / f t 2  

CTAUS = A coef f i c ien t  used t o  determine t h e  maximum t r a c t i v e  s t r e s s  
along t h e  boundary of t h e  r i p r a p  l i n i n g  on t h e  s i d e  s lope  
of t h e  pr ismat ic  channel 

TAUSM = (CTAUS) ( y)(RN)(SN) The maximum t r a c t i v e  s t r e s s  along t h e  
r i p r a p  l i n i n g  on t h e  s i d e  slope of t h e  pr ismat ic  channel, 
l b / f t 2  

TAUSA = K C50 FSU D50u = The allowable t r a c t i v e  s t r e s s  f o r  the  r ip rap  

l i n i n g  on the s i d e  s lope  of t h e  prismatic channel, l b / f t 2  



28 
Messages 

When t h e  computer de tec t s  an input er ror ,  it p r i n t s  out  a message con- 
t a i n i n g  an e r r o r  code. No computations a r e  attempted f o r  t h i s  design. 
The e r r o r  codes a r e  as follows: 

Code 1 = Value of 7 t h  f i e l d  of l i n e  1 is not zero o r  blank 

Code 2 = C50 < 0 

Code 3 = F S < O  o r  O < F S < 1 . 0  

Code 4 = CS < 0 

Code 5 =_ T W A  < 20' 

Code 6 = CN < o 
Code 8 E EXP~J < o 
Code g = H < 0 

Code LO = BS < 0 

Code 11 E DS < 0 

Code 1 2  r VS < 0 

Code 13 5 BS, DS, H a r e  a l l  zero o r  blank 

Code 1 4  = DS, VS, H a r e  a l l  zero o r  blank 

Code 15 5 BS, DS, VS a r e  a l l  zero o r  blank 

Code 16 = BS, VS, H a r e  a l l  zero o r  blank 

Code 17 E BS, DS, H a r e  a l l  speci f ied  

Code 18 s DS, VS, H a r e  all spec i f i ed  

Code 19 E BS, VS, H a r e  a l l  spec i f i ed  

Code 20 E BS, DS, VS a r e  a l l  speci f ied  

Code 21 3 H = 0.0 o r  blank when design 

Code 22 Q 0 

Code 23 ZU s 1 . 0  

Code 24 = ZS % 0 

Code 25 = C O W  < 0 

Code 26 Dm < 0 

Code 27 Value of 7th f i e l d  of l i n e  1 

Code 28 r Design mode is not  1.0, 2.0, 

Code 29 D50 < 0 

Code 30 - DS 2 H 

Code 31 CS > 0.7 

Code 32 CONV < 1.0 

Code 33 D N  < 4.0 
Code 34 - ( v s ) ~ / ~ ~  2 H, .'. DS ' 0 

Code 35 ZL 0 

mode = 1.0 

is not zero o r  blank 

3.0, o r  4.0 

Code 36 - ZR s 0 

2 1.0, s e e  equation (22) Code 44 - The value of - s i n 2  e 



Example No. 1 

Given : - 
Design discharge, Q = 2500 c f s  
s ide-s lopes ,  ZU = 3.0 
Speci f ic  energy head, H = 6.5 f t  
Riprap s ize ,  D50 = 1.25 f t  

Required : 
Design a r i p r a p  t r apezo ida l  channel having t h e  s t eepes t  s t a b l e  bottom 
s lope  consis tent  wi th  t h e  above condit ions.  

Solut ion : - 
The design obtained from t h e  computer using mode 1 is  a s  fol lows:  

SPECIAL DESIGN PREPARED BY THE DESIGN U N I T  AT HYATTSVILLEq MDe 
FOR 

EXAMPLE DESIGN NO. 1 
JANUARY 239  1 9 7 6  

CAUTION--THE S P E C I F I E D  050; 1.250 FT  EXCEEOS THE EXPERIMENTAL DATA SHOWN I N  
REPORT 109. HOWEVER, THE S P E C I F I E D  D5O WILL  BE USED AS THE ALLOWABLE D50. 

DIMENSIONS AND PARAMETERS OF THE RIPRAP CHANNEL 

Q= 2500.00 CFS H= 6.500 FT  ZU= 3.00 FT /FT  

ADDITIOYAL DESIGN PARAMETEQS E ITHER S P E C I F I E D  OR OBTAINED BY DEFAULT 

D50= 1.250 FT  CS= 0 .7000  THETA= 35.0 DEGREES 
C50= 4.00 LH/CU.FT. CN= 0.0395 

FS= 1.250 EXPN= 0 .1667  

FOR D50= 1.250 FT  THE COMPUTED VALUE OF CS=0.7371 I S  GREATER THAN T t i k  ALLOWABLE 
CS. SOLUTION FOR 0 5 0  # I L L  BE MADE USING TNE ALLOWABLE VALUE CS=0.7000 

DIMENSIONS A Y D  PARAMETERS ASSOCIATED WITH THE PRISMATIC  CHANNEL 

050U= 1 . 1 7 6 F T  S N = 0 . 0 1 1 2 7 9  S C = 0 . 0 1 6 1 1 3  C T A U R =  1 .335  
CSU= 0.7000 HN= 6.500 FT  HC= 6.429 F T  TAUBM= 3 .602  LB/SO.FT. 
FSU= 1 2 5  ON= 5.090 FT DC= 4.619 FT TAUBA= 3.764 LB/SQ.FT. 

BU= 36.30 F T  VN= 9.52 FPS N= 0.0406 CTAUS = 1.164 
ZU= 3.00 WN= 3 . 8 3  FT K= 0.8343 TAUSM= 3.141 LB/SQ.FT. 

KPS= 6 . 0 7 E t 0 3  TAUSA= 3 . 1 4 1  LB/SQ.FT. 

Observe t h a t  the  last output  message indica tes  why t h e  D50 = 1-27  f t  
r i p r a p  cannot be used i n  the  design. Also observe t h a t ,  although t h e  
maximum t r a c t i v e  s t r e s s  occurs on t h e  bottom of t h e  channel, t h e  con- 
t r o l l i n g  t r a c t i v e  s t r e s s  occurs on t h e  s i d e  slopes of t h e  channel. 



&ample No. 2 

Given : - 
Design discharge, Q = 2750 c f s  
Side slopes, ZU = 2.5 and ZS = 3.0 
Riprap s i ze ,  D50 = 1.0  f t  
Bottom width, BS = 100.0 f t  
S t a r t i n g  depth, DS = 7.0 f t  
Factor of safe ty ,  FS = 1 - 2 5  

Required : 
Design a r ip rap  s t r u c t u r e  and determine t h e  length  of t h e  s t r u c t u r e  
if the  t o t a l  v e r t i c a l  drop desired f o r  gradient-control  is 6.0 f t  . 

Solution : 
The design obtained from t h e  computer using mode 2 is given on t h e  
next page. 

The v e r t i c a l  drop i n  t h e  p r i s m t i c  channel is equal t o  t h e  drop through 
t h e  r i p r a p  s t r u c t u r e  minus t h e  v e r t i c a l  drop contained i n  both t r a n s i -  
t i o n s .  The length  of t h e  prismatic channel, LPC, is  equal t o  t h e  v e r t i -  
c a l  drop i n  t h e  prismatic channel divided by t h e  bottom s lope of t h e  
prismatic channel, o r  

The t o t a l  length of t h e  s t r u c t u r e  i s  equal t o  t h e  length  of t h e  prismatic 
channel p lus  t h e  lengths of both t r a n s i t i o n s  o r  

the  t o t a l  length = 711.61 + 126.04 + 63.02 = 900.67 f t  



DESIGN OF RIPtfAP GRADIENT CONT~OL STRUCTURE 
FOR A CONSTANT SPECIFIC ENERGY HEAD 

SPECIAL DESIGN PREPARED BY THE DESIGN UNIT AT HYATTSVILLE, MD. 
FOR 

EXAMPLE DESIGN NO. 2 
JANUARY 2 3  9 I 9 7 6  

OIMENSIONS AND PARAYETERS UPSTREAM A N D  DOWNSTREAM OF THE RIPRAP STRUCTURE 

Q= 2750.00 CFS H= 7.164 FT ZS=  3.00 FT/FT 
BS= 100.000 FT DS= 7.000 FT VS= 3.247 FT/SEC 

ADDITIONAL DESIGN PARAMETERS EITHER SPECIFIED OR OBTAINED BY DEFAULT 

050=  1.000 FT CS= 0.7000 THETA= 35.0 DEGREES 
C50= 4.00 LH/CU.FT. CN= 0.0395 CONJ= 2.000 

FS= 1.250 EXPN= 0.1667 Q I V =  4.000 

DIMENSIONS AND PARAMETERS ASSOCIATED d I T H  THE TRANSITION AT THE 
DOMNSTREAM END OF THE RIPRAP PRISMATIC CHANNEL 

LENGTH RISE WIDTH Z DEPTH TAU VELOCITY FRIC SLOPE 
F T F T F T FT LB/SQ.FT. FT/SEC FT/FT 

0.0 0.0 100.00 3.00 7.000 0.278 3.247 7.03E-04 
12.60 0.0095 93.70 2.95 6.979 0.322 3.448 8.0 3E-04 
25.21 0.0204 87.40 2.90 6.954 0.377 3.677 9.27E-04 
37.81 0.0331 81.09 2.85 6.923 0.446 3.940 1.OAE-03 
50.42 0.0480 74.79 2.80 6.883 0.533 4.247 1.28E-03 
63.02 0.0658 6 8 - 4 9  2.75 6.833 0.646 4.611 1 e55E-03 
75.62 0.0876 62.19 2.70 6.767 0.799 5.051 1.91E-03 
88.23 0.1150 55.89 2.65 4.677 1.011 5.598 2.43E-03 

100.83 0.1507 49.58 2.60 6.545 1.325 6.309 3.23E-03 
113.44 0.2002 43.28 2.55 6.334 1.838 7.305 4 62E-03 
126.04 0.2787 36.98 2.50 5.904 2.910 9.003 7.84E-03 

DIMENSIONS AND PARAMETERS ASSOCIATED WITH THE PRISMATIC CHANNEL 
OF THE RIPRAP STRUCTURE 

050U= 1.000 FT S Y =  0.007844 SC= 0.014965 CTAUB = 1.339 
CSU= 0.5242 HN= 7.164 FT HC= 6.920 FT TAUBM= 2.910 LB/SQ.FT. 
FSU= 1.25 DN= 5.904 FT DC= 4.943 FT TAUBA= 3.200 LB/SQ.FT. 

BU= 36.98 FT VN= 9.00 FPS N= 0.0395 CTAUS = 1.122 
ZU= 2.50 RN= 4.44 FT K =  0.7621 TAUSMZ 2.439 LB/SQ.FT. 

KPS= 8.77€*03 TAUSb= 2.439 LB/SQeFT. 

DIMENSIONS AND PARAMETERS ASSOCIATED WIT? THE TRANSITION AT THE 
UPST9EAM EN0 OF THE RIPRAP PRISMATIC CHANNEL 

LENGTH RISE WIDTH Z DEPTH TAU VELOCITY FRIC SLOPE 
FT F T F T FT LB/SQ.FT. FT/SEC FT/FT 

0.0 0.0 3 6 - 9 8  2.50 5.904 2.910 9.003 7.84E-03 
4.30 0.0393 43.28 2.55 6.334 1.83d 7.305 4.62E-03 

12.60 0.0640 49.58 2.60 6.545 1.325 6.309 3.23E-03 
18.91 0.0819 5 5 - 8 9  2.65 6.677 1.011 5.598 2.43E-03 
25.21 0.0955 62.19 2.70 6.767 0.799 5.051 1.91E-03 
31.51 0.1064 60.49 2.75 6.633 0.646 4.611 1 55E-03 
37.81 0.1154 74.79 2 - 8 0  6.883 0.533 4.247 1 e28E-03 
44.11 0.1228 81.09 2.85 6.923 0.446 3.940 1.08E-03 
50.42 0.1292 87.40 2.90 6.954 0.377 3.677 9.27E-04 
56.72 0.1346 93.70 2.95 6.979 0.322 3.446 8.03E-04 
63.02 0.1394 100.00 3.00 7.000 0.278 3 247  7.03E-04 ................................................................................ ................................................................................ 

TRANSITION CONVERSION LOSSES 

THE CONVERSION LOSS I N  THE DOWNSTREAM TRANSITION MAY BE AS MUCH AS 0.15 FT 

THE CONVERSION LOSS I N  THE UPSTREAM TQANSITION M A Y  BE AS MUCH AS 0.05 FT ................................................................................ ................................................................................ 



Example No. 3 

Given : -- 
Design discharge, Q = 2750 c f s  
Side slopes, ZU = 2.5, ZS = 3.0 
Riprap s ize ,  D50 = 1.0 f t  
Bottom width, BS = 100.0 f t  
S t a r t i ng  depth, DS = 7.0 f t  
Factor of safety,  FS = 2.0 
Value of CS = 0.6 

Note t h a t  t he  given parameters f o r  t h i s  example a r e  t he  same as Example 
No. 2 except f o r  FS and CS values.  

Required : - 
Design the  r i p r ap  s t ruc tu re .  

Solution : 
The design obtained f r o m t h e  computer using mode 3 is  given on t h e  next 
page. Observe, although t he  value of CS was speci f ied ,  it was not used 
i n  the  design s ince  csu < CS . - 

56-29'  k---+ - --- LPC 
I - 112.59 ' 

F -- 

SECTION B-B 

EWAT ION LA 

SECTION A-A 
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================================================================================ 
DESIGN OF RIPHAP GRADIENT CONTROL STRUCTURE 

FOR A CONSTANT SPECIFIC ENERGY HEAD 

SPECIAL DESIGN PREPARED BY THE DESIGN UNIT AT HYATTSVILLEI MD. 
FOR 

EXAMPLE DESIGN NO. 3 

JANUARY 231 1976 

DIMENSIONS AND PARAMETERS UPSTHEAM AND DOWNSTREAM OF THE RIPRAP STRUCTURE 

Q=~ 2750.00 CFS H= 7.164 FT ZS= 3.00 FT/FT 

BS= '100.000 FT DS= 7.000 FT vs= 3.247 FT/SEC 

ADDITIONAL DESIGN PARAMETERS EITHEH SPECIFIED OR OBTAINED BY DEFAULT 

DSO= 1.000 FT cs= 0.6000 THETA= 35.0 DEGREES 

c50= 4.00 L.B/CU.FT. CN= 0.0395 covv= 2.000 

FS= 2.000 EXPN= 0.1667 OIV= 4.000 

DIMENSIONS AND PARAMETERS ASSOCIATED WITH THE TRANSITION AT THE 
DOWNSTREAM END OF THE RIPRAP PRISMATIC CHANNEL 

LENGTH RISE td1DTt-i Z DEPTH TAU VELOCITY FRIC SLOPE 

FT FT FT FT LB/SO.FT. FT/SEC FT/FT 

0.0 0.0 100.00 3.00 7.000 0.278 3.247 7.03E-04 

11.26 O.OOA4 94.37 2.95 6.981 0.317 3.426 7.92E-04 

22.52 0.0179 80.74 2.90 6.959 0.365 3.628 8.99E-04 
33.70 0.028R 83.11 2.85 6.933 0.423 3.856 l.O3E-03 

45.03 0.0413 77.48 2.80 6.900 0.494 4.117 l.l9E-03 

56.29 0.0559 71.85 2.75 6.860 0.584 4.419 1.40E-03 

67.55 0.0732 66.22 2.70 6.810 0.699 4.773 1.67E-03 

78.81 0.0941 60.59 2.65 6.744 0.850 5.197 2.04E-03 
90.07 0.1199 54.97 2.60 6.656 1.057 s.717 2.55E-03 

101.33 0.1529 49.34 2.55 6.531 1.354 6.381 3.31E-03 

112.59 0.1972 43.71 2.50 6.339 1.819 7.285 4.57E-03 

DIMENSIONS AND PARAMETERS ASSOCIATED WITH THE PRISMATIC CHANNEL 

OF THE RIPRAP STRUCTURE 

D5OU= 1.000 FT SN= 0.004568 SC= 0.015123 CTAUB = 1.316 

csu= 0.3020 MN= 7.164 FT HC= 6.422 FT TAUBM= 1.819 LB/SQ.FT. 

FSU= 2.00 DN= 6.339 FT DC= 4.540 FT TAlJBA= 2.000 LB/SQ.FT. 
BU= 43.71 FT VN= 7.28 FPS N= 0.0395 CTAUS = 1.103 
zu= 2.50 RN= 4.85 F-T K= 0.7621 TAUSM= 1.524 LB/SO.FT. 

KPS= 1.70E+04 TAUSA= 1.524 LB/SQ.FT. 

DIMFNSIONS AND PARAMETERS ASSOCIATED k1Tt-f THE TRANSITION AT THE 

UPSTREAM END OF THE RIPRAP PRISMATIC CHANNEL 

LENGTH RISE WIDTH Z DEPTH TAU VELOCITY FRIC SLOPE 
FT FT FT FT LB/SQ.FT. FT/SEC FT/FT 

0.0 0.0 43.71 2.50 6.339 1.819 7.285 4.57E-03 

5.63 0.0222 49.34 2.55 6.531 1.354 6.381 3.31E-03 

11.26 0.0387 54.97 2.60 6.656 1.057 5.717 2.55E-03 
16.89 0.0515 60.59 2.65 6.744 0.850 5.197 2.04E-03 

22.52 0.0620 66.22 2.70 6.BlO 0.699 4.773 1.67E-03 

28.15 0.0706 71 .H5 2.75 6.860 0.584 4.419 1.40E-03 

33.78 0.0779 77.48 2.80 6.900 0.494 4.117 l.l9E-03 
39.41 0.0842 83.11 2.65 6.933 0.423 3.856 l.O3E-03 

45.03 0.0896 BB.74 2.YO 6.959 0.365 3.628 8.99E-04 

50.66 0.0944 94.37 2.Y5 6.Y81 0.317 3.426 7.92E-04 

56.29 0.0986 lOO.00 3.00 7.000 0.278 3.247 7.03E-04 
================================================================================ 

TRANSITIOh CONVEHSION LOSSES 

THE CONVERSION LOSS IN THE DOWNSTREAM TRANSITION MAY BE AS MUCH AS 0.08 FT 

THE CONVERSION LOSS IN THE UPSTREAM TRANSITION MAY RE AS MUCH AS 0.03 FT 
================================================================================ 



34 g a m p l e  NO.  4 

Given : -- 
Design discharge, Q = 2750 c f s  
Side slopes, ZU = 3.0, ZL = 4.0, and ZR = 3.0 
Riprap s ize ,  D50 = 0.75 f t  
Bottom width, BS = 100.0 f t  
S t a r t i n g  depth, DS = 7.0 f t  
Rate of convergence, COW = 2.0 
Factor of safe ty ,  FS = 2.0 
Angle of repose, THEFA = 420 

Required : 
Design a r ip rap  s t r u c t u r e  where t h e  adjoining channels have s i d e  
slopes ZL = 4.0 and ZR = 3.0 ( see  SECTION A-A ) . 

Solution : 
The design obtained from t h e  computer using mode 4 is given on t h e  
next page and t h e  dimensions and parameters a r e  out l ined i n  t h e  sketch 
below. Observe t h a t  both t h e  maximum t r a c t i v e  s t r e s s  and t h e  control -  
l i n g  t r a c t i v e  s t r e s s  occur on t h e  bottom of t h e  channel. 

SECTION A-A 

Riprap S t ruc tu re  

ELFVAT ION 



DESIGN OF R I P Y A P  FSADIENT CONTROL STRUCTURE 
FDR A CONSTANT S P E C I F I C  ENERGY HEAD 

S P E C I A L  DESIGN PREPARED BY THE DESIGN U N I T  AT HYATTSVILLEI  MO. 
FOR 

EXAMPLE DESIGN NO. 4 
JANUARY 2 3 .  1 9 7 6  

DIMENSIONS AND PARAYETERS UPSTREAM AND DOWNSTREAM OF THE R I P R A P  STRUCTURE 

Q= 2750.00  CFS 
ZL= 4.noo DS= 7.000 F T  H= 7 .155  F T  
ZR= 3 .000  B S = 1 0 0 . 0 0 0  F f  VS= 3.155 FT/SEC 

A D D I T I O Y A L  DESIGN PARAMETERS E I T H E R  S P E C I F I E D  OR OBTAINED BY DEFAULT 

0 5 0 =  0.750 F T  CS= 0 . 7 0 0 0  THLTA= 42.0 DEGREES 
C 5 0 =  4.00 Lq/Cd.FT.  CN= 0 . 0 3 3 5  COYV= 2.000 

FS= 2.000 FXPN= 0 . 1 6 6 7  D I V =  4 .000  

DIMENSIONS AND PARAMETERS ASSOCIATED J I T H  THE T R A N S I T I O N  AT THE 
DOWNSTRFAM END OF THE R I P H A P  P R I S M A T I C  CHANNEL 

LENGTH R I S E  WIOTH Z L T  ZRT DEPTM T O P J D  TAU0 VEL. F R I C  SLOPE 
F T F T F T F T F T  LH/SO.FT. FT/SEC F T / F T  

OIYENSIONS AND PARAMETERS ASSOCIATEO J I T H  THE P R I S M A T I C  CHANNEL 
OF THE R I P R 4 P  STRUCTURE 

DSOU= 0.750 F T  S Y =  0 . 0 0 3 7 1 8  SC= 0 . 0 1 3 9 1 0  CTAUB = 1.350 
CSU= 0 a 2 6 9 2  HN= 7.155 FT HC= 6 .301  F T  TAUEM= 1 .500  LB/SQoFT. 
FSU= 2.00 ON= 6.428  F T  UC= 4.488 FT TAUBA= 1.500 LB/SQ.FT. 

RU= 43.28 F T  VN= 6 .84  FPS N= 0 . 0 3 7 7  CTAUS = 1.177 
ZU= 3.00 RN= 4.79 FT K =  0 . 8 8 1 3  TAUSM= 1.308 LB/SQ.FT. 

KPS= 2 . 2 6 E + 0 4  TAUSAz 1.322 LB/SQ.FT. 

OIMFNSIONS AND PARAMETERS ASSOCIATED M I T H  THE T R A N S I T I O N  AT THE 
UPSTREPM END OF THE R I P Q A P  P R I S M A T I C  CHANNEL 

LENGTH R I S E  N I U T H  Z L T  ZHT DEPTH T O P N D  TAU0 VEL. F R I C  SLOPE 
F T F T F T F T F T  LQ/SQ.FT. FT/SEC F T / F T  

THE CONVEDSION LOSS I N  THE DOWNSTREAM T Y A N S I T I O N  MAY BE AS YUCH AS 0.06 FT 

THE CONVEDSION LOSS I N  THE UPSTQEAM T R A N S I T I O N  MAY BE AS MUCH AS 0.03 F T  



Ekample No. 5 

Given : - 
Design discharge, Q = 2750 c f s  
Side slopes, ZU = 2.5, ZS = 3.0 
Riprap s ize ,  D50 = 1.0  f t  
Downstream bottom width, BS = 100.0 f t  
Upstream bottom width, BS = 150.0 f t  
S t a r t i n g  depth, DS = 7.0 f t  
Factor of safe ty ,  FS = 1.25 

Note t h a t  t h e  given parameters of t h i s  example a r e  t h e  same a s  Exam- 
p l e  No. 2 except t h a t  t h e  bottom width, BS, a t  t h e  downstream end of 
t h e  s t r u c t u r e  is not t h e  same a s  t h e  BS a t  t h e  upstream end of t h e  
s t r u c t u r e .  

Required - : 
Design t h e  r ip rap  s t r u c t u r e  where t h e  adjoining channels have 
d i f f e r e n t  bottom widths. 

Solution : -- 
Since t h e  bottom widths a t  t h e  upstream end and downstream end of 
t h e  s t r u c t u r e  a r e  not equal, two design runs a r e  required.  The 
f i r s t  design run is f o r  BS = 100 f t .  The second design run is f o r  
BS = 150 f t  and it uses t h e  same s p e c i f i c  energy head, H, a s  was 
used i n  t h e  f i rs t  design run. The f i n a l  design is composed of t h e  
following : 

1. t h e  design of t h e  downstream t r a n s i t i o n  from t h e  f i r s t  
design run, i. e., f o r  BS = 100 f t   h he design of t h e  
upstream t r a n s i t i o n  f o r  t h i s  run is disregarded.)  

2. t h e  design of t h e  prismatic channel from e i t h e r  design 
run pr hey a r e  t h e  same. ) 

3. t h e  design of t h e  upstream t r a n s i t i o n  from t h e  second 
design run, i .e., f o r  BS = 150 f t   h he design of t h e  
downstream t r a n s i t i o n  f o r  t h i s  run is  disregarded. ) 

The composite design is given on t h e  next t h r e e  pages. 

Observe t h a t  t h e  depths a t  t h e  ends of t h e  s t r u c t u r e  a r e  not equal. 
The l a r g e r  depth occurs a t  t h e  upstream end of t h e  r i p r a p  s t r u c t u r e  
because 

1. t h e  bottom width a t  t h e  upstream end is l a r g e r  than t h e  
bottom width a t  t h e  downstream end and 

2. t h e  s t r u c t u r e  maintains a constant  s p e c i f i c  energy head 
a t  s u b c r i t i c a l  flow throughout t h e  s t ruc tu re .  

Since t h e  depth a t  t h e  upstream end is l a r g e r  than t h e  depth a t  t h e  
downstream end, t h e  ve loc i ty  a t  t h e  upstream end is smaller  than 
t h e  ve loc i ty  a t  t h e  downstream end a t  constant  s p e c i f i c  energy head. 



SECTION A-A SECTION B-B 



SPECIAL  DESIGN PREPARED H Y  THE DESIGN U N I T  AT HYATTSVILLEv  MD. 
FOR 

EXAMPLE DESIGN NO. 5 
JANUAPY 2 3 1  1 9 7 6  

DIMENSIONS AND PAQAWETERS UPSTREAV AND DOJNSTHEAM OF THE RIPRAP STRUCTURE 

Q= 7750 .00  CFS H= 7.164 F T  LS= 3.00 F T / F T  
BS= 100.000 FT DS= 7.000 F T  VS= 3.247 FT/SEC 

ADDITIONAL D E 5 I b N  PARAMETERS EITHER S P E C I F I E D  OR OBTAINED HY DEFAULT 

D50=  1.000 FT  C5= 0.7000 THETA= 35.0 DEGREES 
C50= 4.00 Ld/CU.FT. CN= 0.0395 CONV= 2 .000 

FS= 1.250 EXPN= 0.1667 D I V =  4.000 

DIMFNSIONS AND PARAMETERS ASSOCIATED WITH THE TRANSIT ION AT THE 
OOWNSTHEAM END OF THE RIPRAP PRISMATIC  CHANNEL 

LENGTH RISE WIDTH z DEPTH T A U  VELOCITY FHIC SLOPE 
F T F T F T FT  LB/SB.FT. FT/SEC F T / F T  

o I ~ A E N S I O N S  AND PPRAI~ETERS ASSOCIATED WITH THE PRISMATIC  CHANNEL 
OF THE P IPRAP STRUCTURE 

D50U= 1.000 FT  SN= 0.007844 SC= 0 .014965 CTAUB = 1.339 
CSU= 0.5242 HN= 7.164 F T  HC= 6.920 FT  TAUEM= 2.910 LB/SQ.FT. 
FSU= 1.25 DN= 5.904 FT  DC= 4.943 FT  TAUBA= 3.200 LB/SO.FT. 

BU= 36.98 F T  V Y =  9.00 FPS N= 0.0395 CT4US = 1 .122 
ZU= P.50 CtN= 4.44 FT K =  0.7621 TAUSM= 2.439 LB/SQ.FT. 

KPS= 8 . 7 7 € + 0 3  TAUSA= 2.439 LB/SO.FT. 

UPSTREAY END OF THE RIPRAP PRISMATIC  CHANNEL 

7.84E-03 
6.30 0 .0393 4.62E-03 

12.60 0 .0640 3.23E-03 
18.91 0 .0819 2.43E-03 
25.21 0.0955 1.91E-03 
31.51 0.1064 1.55E-03 

1.28E-03 
81 .09  2 - 8 5  6.923 0.446 
87.40 2 - 9 0  6.954 0.377 
93.70 2.95 6.979 0.322 

7.000 0 .278 
................................................................................ 

TRANSIT ION CONVERSIOh LOSSES 

THE CONVE2SION LOSS I N  THE DOMNSTREAM TRANSIT ION MAY BE AS MUCH AS 0.15 FT  

THE CONVERSION LOSS I N  THE UPSTBFAM TRANSITIOM MAY BE AS MUCH AS 0.05 FT  



DIMENSIONS AND PARAMETERS UPSTREAM AND DOWNSTREAM OF THE RIPHAP STHUCTURE 

Q= 2750.00 CFS H= 7.164 FT ZS= 3.00 FT/FT 
BS= 150.000 FT DS= 7.084 FT VS= 2.267 FT/SEC 

ADDITIONAL DESIGN PARAMETERS EITHER SPECIFIED OR OBTAINED BY DEFAULT 

D50= 1.000 FT CS= 0.7000 THETA= 35.0 DEGREES 
CSO= 4.00 LR/CU.FT. CN= 0.0395 CONV= 2.000 

FS= 1.250 EXPN= 0.1667 D IV=  4.000 

3.17E-04 
3.71E-04 
4.39E-04 
5.29E-04 
6.51E-04 
8.21E-04 
1.07E-03 

70.89 2.65 6.848 0.608 l .46E-03 
59.58 2.60 6.727 0.888 
4 8 - 2 8  2.55 6.503 1.422 
36.98 2.50 5.904 2.910 

OF THE RIPRAP STRUCTURE 

CSU= 0.5242 

HN= 4.44 FT K =  0.7621 

DIMFNSIONS AND PARAMETERS ASSOCIATED 4 ITH THE TRANSITION AT THE 
UPSTREAM END OF THE RIPHAP PRISMATIC CHANNEL 

LENGTH RISE WIDTH Z DEPTH TAU VELOCITY FRIC SLOPE 
F T FT F T FT LR/SQ.FT. FT/SEC FT/FT 

0.0 0.0 3 6 - 9 8  2.50 5.904 2.910 9.003 
11.30 0.0640 48.28 2.55 6.503 1.422 6.519 
22.60 0.0958 59.58 2.612 6.727 0.888 5.305 
33.91 0.1161 70.88 2.65 6.848 0.608 4.51 1 
45.21 0.1304 82.19 2.70 6.923 0.439 3.938 
56.51 0.1410 93.49 2.75 6.974 0.328 3.500 
67.81 0.1494 104.79 2.80 7.003 0.252 3.153 
79.11 0.1560 116.09 2.85 7.036 0.200 2.871 
90.42 0.1615 127.40 2.90 7.056 0.168 2.636 

101.72 0.1661 138.70 2.95 7.072 0.143 2.437 
113.02 0.1700 150.00 3.00 7.084 0.123 2.267 

THANSITION CONVERSION LOSSES 

THE CONVERSION LOSS I N  THE DOWNSTREAV TRANSITION MAY BE AS MUCH AS 0.21 FT 
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