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December 12, 1986

TO ALL INTERESTED PARTIES:

The Urban Drainage and Flood Control District has long recognized
both the importance of drop structures; and the problems of design,
construction and maintenance of these facilities. In order to improve
the quality of the facilities being built within the District it is Ol,Jr
intent to issue revisions to the "Urban Storm Drainage Criteria Manual"
(USDCM) •

The District retained McLaughlin Water Engineers~ Ltd. to assist us
in the evaluation of the performance of existing drop structures, and to
develop information and guidance to be used in preparing revisions to
the USDCM. The attached document is the culmination of the McLaughlin
effort.

We will be evaluating the contents of this document for the next
six months before developing revisions to the USDCM. We would like you
to do the same and give us your comments. If you have occasion to
design a drop structure or review someone else's design, try to use this
document to see how or if it would change that design. Let us know what
you like about the procedures in the document and what you don't like.
Let us know what form the USDCM revisions should take~ including how
detailed the criteria should be. In short~ this is your opportunity to
tell us what you would like to see in the USDCM regarding drop
structures. We look forward to hearing from you.

Sincerely,

,)~A-tL-t-QL~----'
L. Scott Tucke r
Executive Director

Note: This is a review document and does not represent official
policy or criteria of the District.
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Agreement No. 85-05.03
Evaluation of and Design Recommendations for
Drop Structures in the Denver Metropolitan Area

Re:

Five basic categories of drop types were formulated based on the field and office

evaluation, guidelines provided for each and economic evaluation completed. This

information should be useful to engineers considering different types of drops.

We are especially pleased about the positive attitude of the many participants. All

realize that there are significant problems with many of the drops and that

improvements must. be made. Just to emphasize and reiterate, one of the key

conditions under which this study was executed was not to criticize any design or

concept, but to objectively learn about various drop concepts, factually determine

the situation and develop improvements to the various drop concepts. One immediate

action we recommend is an orientation away from Loose Riprap Drops toward drops

like Baffle Apron Drops, Vertical Hard Basin Drops and Sloping Grouted Rock Drops.

Mr. William DeGroot
Chief, Flood Plain Management
Urban Drainage and Flood Control
2480 W. 26th Avenue, Ste. 156B
Denver, CO 80211
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Drainage and Flood Control District. In his years at the Urban Drainage District, he
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McLaughlin Water Engineers, Ltd.
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Michael Mercer, P.E., Associate

Eric Stiles (graduate student at the time, now an employee of the firm)
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SECTION I

INTRODUCTION

This document presents an evaluation of and design guidance for drop structures in

the Denver Metropolitan area for the Urban Drainage and Flood Control District.

This study will likely prove applicable to similar structures in other regions. After

a review period, and perhaps further research, the design related material will be

summarized and published as an amendment to the Urban Storm Drainage Criteria

Manual (ref. 66).

SCOPE OF WORK

The study scope focused on analyzing drops showing design flows up to 15,000 cfs,

with primary emphasis on grass-lined channels having design flows up to 7,500 cfs.

Flows less than 500 cfs were addressed for small drops, trickle channels, and local

drainage "rundowns" for conveying minor tributary flows into major drainageways.

Numerous drop structure types have been evaluated and categorized based on similar

hydraulic characteristics as follows:

1. Baffled Apron (Chute) Drops.

2. Vertical Drop with Loose Riprap Basin - This includes the District Standard

(ref. 63) and several other configurations.

3. Vertical Drop with Hard Basin - This category includes a variety of materials,

and configurations including the SCS drop and grouted boulders.

4. Sloping Rock Drops - This includes drops constructed according to the District

Criteria (ref. 63), and other configurations such as stacked boulders.

5. Sloping Grouted Rock Drops - There are a large number of these structures,

some were created by design and others were created by maintenance projects

which restored Sloping Rock Drops using grout.

6. Sloping Concrete Drops and Other Similar Hard Basins - This category includes

U.S. Bureau of Reclamation (USBR) III, IV, and V basins (or equivalents), Saint

Anthony Falls (SAF) basin, and basins of similar shape but constructed with

materials such as soil cement and roller crete.

I-I



7. Low flow check structures and related erosion control measures.

In the discussion, pertinent literature reviewed during the project is presented.

References applicable to various topics are denoted.

Design guidance for the following basic categories is presented:

1. VRR - Vertical Riprap Drop

2. SLR - Sloping Large Riprap Drop

3. GSB Grouting Sloping Boulder Drop

4. BC - Baffle Apron (Chute) Drop

5. VHB - Vertical Hard Basin Drop

This report presents economic evaluations for these five drop categories, as well as

the District's present sloping riprap drop design. These evaluations include both

capital costs and maintenance costs (based on the District's experience). Section

XIII presents this information in a graphical form. Included is an economic efficiency

relationship which should be useful to designers. The efficiency relationships reflect

the economy of scale and economic considerations for various drop heights and design

flow rates.

A Design Considerations (or decision) Matrix is provided with special attention given

to the following subjects:

1) Soil and Foundation Precautions

2) Structures and Foundations

3) Hydraulic Phenomena

4) Suggest Hydraulic Anal ysis

5) Hydraulic Analysis Difficulty

6) Design Hints

7) Flow and Drop Height Suitability

8) Construction Concerns, including: di fficulty, material quality and availability,

and suggested quality control measures including inspection.

9) Aesthetic Problems and Suggestions
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10) Public Acceptability

Finally, the scope of work required a discussion of research needs. This includes

specific guidance related to the GSB and the VHB drops which are already being

implemented, but for which research would be especially useful. Other research

related to rock and riprap is discussed.

ADDITIONAL INVESTIGATIONS COMPLETED

During the course of the study, four topics emerged which warranted more detailed

investigations than originally conceived in the study scope. The following paragraphs

highlight these f our topics.

Trickle Channels

Many or most of the existing drops do not provide for a significant trickle fluw

conveyance through the crest. In the field, this resulted in aggradation and loss of

channel conveyance upstream of the drop. The design implication of providing a

contiguous trickle channel is that much higher unit discharges will occur in this

area, causing a jet or a portion of the flow in the basin to remain in a supercritical

flow condition and potentially force a portion of the jump further downstream. On

the other hand, a portion of the vertical height of a design trickle channel could

be used to create a deeper tailwater in the main portion of the basin.

Hydraulic Analysis of the Drop Profiles through the Trickle Channel and Main Drop

Area

A computer program was developed to allow simultaneous hydraulic analysis of the

trickle channel zone through the drop and the main portion of the drop. It provided

analysis of the supercritical flow down the face of a sloping drop, and determination

of the location where the jump would begin.

Rock Sizing Criteria

There is an extremely high failure incidence for sloping riprap drops. It was apparent

that there were major construction problems. It was also apparent that a more

conservative approac.h needed to be developed and evaluated against (refined by)

the successes and failures in the field. A fairly extensive literature search (part of

1-3
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the original project scope) lead to the development of an approach that combined

the work of several research projects and was tested against the Denver drop cases.

This analysis method was tied to the previous computer analysis, which allowed

evaluation of field cases for which data was developed, as well as 200 hypothetical

cases representing the situations typically encountered.

Grouted Rock Analysis

A rational approach to the design of grouted rock was developed based on force

analysis. The cases above provided information which was expanded by computer

analysis to determine the force balance for trial designs. This resulted in a guideline

being developed which designated minimum rock and grout thicknesses. Also, the

basis of the analysis is explained so that other engineers can use or modify this
approach in their work.
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SECTION II

BAFFLED APRON DROPS

INTRODUCTION

The United States Bureau of Reclamation (USSR) has developed design standards for

a reinforced concrete chute with baffle blocks on the slopmg face of the drop.

They are commonly referred to as baffle block or baffle chu~e drops. There are

two excellent references, Hydraulic Design of Stilling Basins and Energy Dissipators

(ref. 34), and Design of Small Canal Structures (ref. 1), that should be used for the

design of these structures. Also, Design of Small Dams (ref. 7) presents information

on lanes Weighted Creep theory which can be used for simplified seepage analysis

of these and other drops.

The design is normally recommended for a unit width flow (q) of 35 cfs/ft or less

with the maximum (q) not to exceed 60 cfs/ft. In relationship to the channel width,

this results in a well matched design for the UDFCD grass-lined channel criteria.

The hydraulic concept is that all of the flow repeatedly encounters obstructions

that are of a nominal height equivalent to critical depth, leading to fairly complete

energy loss because of the momentum loss associated with reorientation of the flow.

Normally, a minimum of 4 rows of teeth are utilized to achieve disturbance of the

flow and dissipation of energy. GUidelines are given for sizing and spacing the

blocks. Designing for proper approach velocities is critical to structure performance.

Effectively there are fixed costs regardless of drop height for approach walls,

minimum length of side walls, downstream transition walls and a minimum length of

sloping apron. The baffle chute becomes more economical with increasing drop height.

This design is quite flexible in adaptation, once the hydraulic' principals are understood.

For instance, for low drops, designs which use two rows of baffles on the slope and

two in the horizontal area below have been successful. Also, the apron can have
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a flatter slope than the usual 2 horizontal to 1 vertical to allow for low drops or

site conditions.

Design Guidelines and Criteria for Channels and Hydraulic Structures on Sandy Soils

(ref. 50) notes that these drops can be adapted to downstrea m bed degradation by

adding more baffles on a slope extension. The USBR states that design flow limits

have been exceeded at several locations with no significant problems.

Downstream of the baffled chute, the USSR recommends a rock filled area that will

naturally rearrange to establish a stable bed condition and allow further stilling

action. Grouted and concrete basins have also been used that allow good transitions

to the downstream trickle and main channels. The structure lends itself to a variety

of soils and foundation conditions.

The potential for debris flow must be reviewed. The Army Corps of Engineers

(CDE) generally recommends this type of drop for ephemeral streams, with some

caution regarding heavy debris flow streams because the baffles can clog and fill

the interstices, resulting in overflow and direct impingement of the jet on the

downstream channel. Apparently, there have not been any serious problems in the

Denver area, but then again, presently there are not many of these structures in place.

CASES

The Bureau has documented performance on numerous baffled apron drops (ref. 7).

Almost all of the commentary relates to relatively minor problems, such as, the need

for erosion protection in adjacent channels and above the chute walls where spray

can occur, and debris problems.

All of the Denver cases perform satisfactorily. The following comments are relatively

minor criticisms.

Case 1 - Meadowood Tributary, Aurora

Figure II-I illustrates one of the drops in the Meadowood Drainageway, (a Tollgate

Creek Tributary). The projects are located west of and parallel to Buckley Road,

between Hampden and Yale. This project was based on an analysis which concluded
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that it was more economical to utilize multiple drops for grade control of a sand

bed stream (referred to as a sediment transport channel) than to utilize a continuous

liner. Further, it concluded that baffle apron drops were more economical (although

marginally so) than several other types of drops including Soil Conservation Service

(SCS) vertical and Type C Basins, USBR Type IV, and Trapezoidal Grouted Riprap

USing vertical drops. The design flow ranoed from 1550 to 2010 cfs.

The stream had previously degraded to the point of endangering adjacent properties.

Upon completion of the 3 phase construction project, the stream was stabilized. As

illustrated in the photograph and confirmed by field inspection, several drops need

further stabilization work along the banks, particularly below the drops. It is also

interesting to note that the bottom row of baffles IS not level with the water

surface, indicating possible seepage or settling problems. Nevertheless, the structures

appear stable. Note that fenCing IS used for safety. The overall appearance IS

reasonable.

Case 2 - Niver Creek at York

These drops were originally constructed In 1974 as part of a channel project that

included a riprap channel lining. The design flow is on the order of 2600 cfs. The

drops appear stable, but illustrates the need for trickle channel provisions. The

originally constructed channel section was a riprap trapezoidal section. Because

there is no trickle channel through the crest, and also because the first row of

baffles sit directly on the crest, aggradation occurs at most flows. (See Figure II-2

and II-3). A naturally formed trickle channel exists in the aggraded material and is of

a similar configuration to many others. The degree of aggradation would have

certainly been reduced by construction of a trickle channel through the crest. Also,

the photographs show very heavy, but also poorly graded riprap in the banks above

the chute walls. Landscaping might have been more effective.

Case 4 - East Harvard Gulch between Logan and Downing

This baffle chute, was deSigned to pass a 25-year discharge of 2000 cfs and also

to provide the hydraulic control for a side channel spillway which serves a flood

storage pond. Figures 11-4 and II-5 illustrate aesthetic landscaping and architectural

treatments through the use of exposed aggregate finish and a decorative safety rail.
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This project also illustrates the need for trickle channel provIsions. Originally

designed with a low flow/underdrain pipe, it soon became apparent that such a

system had capacity and maintainability problems. Figure 11-4 shows the upstream

aggradation and the natural trickle channel that was created, much like Niver Creek

(Case 2). The aggradation is greater as one moves upstream. A similar trickle

channel was created downstream (Figure II-5), and aggradation there was even more

significant. Originally, a loose riprap basin was constructed downstream per USSR

guidelines. The UDFCD executed a maintenance project which included a hard-lined

trickle channel and a grouted riprap basin. It directs flow back into the trickle

channel, thereby helping to reduce aggradation caused by low flows spreading out

in the channel bottom. One can also observe that aggl'ada tion downstream is still

likel y because of the wide channel which will carry flow having less velocity than

most upstream channels.

Case 5 - Tulsa Small Vertical Drop

Figure 11-6 shows one way of configuring a baffle chute for a smaller vertical drop.

A row of baffles is constructed on the horizontal basin below the drop.

The USSR reports that some designs have successfully used less than 4 rows of

baffles for low drops. It is also practical to use the same basic configuration, but

a flatter slope.

CONCLUSIONS

The baffle apron drop is an excellent choice for a grass-lined channel except for

si tuations where there are he avy debris flows. Once the hydraulic principles are

clearly understood, the concepts can be applied and modified for many situations.

For example, baffle aprons can be used for small drops and are especially suited to

shallow tailwater and variable bed conditions.

It is important to incorporate a trickle channel into the design. This can be

accomplished by locating the trickle channel between two baffles in the middle of

the apron crest. An 18 to 24-inch depth is recommended. Rock placement in the

stilling basin should be configured for positive drainage and to direct flows into the

trickle channel downstream. When the conventional rock placement guidance by the
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Bureau is adopted, some maintenance may be necessary because the rock can be

rearranged to form a basin with a secondary drop that could potentially cause erosion

problems. Landscaping measures work quite well and actually assist with the steep

slope that usually exists along the chute walls.
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Figure II-I

Meadowood drops on Toll­

gate Creek Tributary in

Aurora, sand bed stream.

Figure 11-2

Niver Creek at Steele,

looking upstream, original

riprap channel.

Figure 11-3

Niver Creek at Steele,

looking downstream. Note,

aggradation and formation

of a trickle/low flow

channel. The trickle

channel was not part of

the original design.



I
I
1

il
II
11
II
II
II
II
II
il
II
II
il
I

I

II
I
II

II-7

Figure 11-4

Looking downstream at

East Harvard Gulch drop.

Note aggradation and for­

mation of a trickle/low

flow channel.

Figure 11-5

Looking upstream at East

Harvard Gulch. Grouted

rock stilling basin helps to

contain trickle flows.

Figure 11-6

Example of a small drop

using a baffle apron.

Baffles have been moved

to the horizontal channel

below. (Tulsa, Oklahoma)
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SECTION III

VERTICAL DROP WITH LOOSE RIPRAP BASIN

INTRODUCTION

Energy dissipation IS achieved in this type of drop by flow plunging into a pool

where the energy IS expended by turbulence. The pool is created by specific

placement and construction of a basin, or by a "planned" rearrangement of rock by

the flow.

The present UDFCD standards is described in, Design Criteria for Riprap Drop

Structures (ref. 63). The criteria was based upon a presentation by Stevens, Hydraulic

Design Criterla for Riprapped Chutes and Vertical Drop Structures (ref. 58) which

was based upon physical model test mg.

The structural design for the vertical crest wall IS complIcated by the lack of

downstream support, seepage, soli saturation and hydraulic loadmg on the upstream

side. In sandy or erosive soils, it IS qUite common to use sheet pde for crest wall

construction, whIle caissons may prove acceptble for certain other applicatIOns.

Commonly a retaining wall IS used after evaluating seepage control.

CASES

There is a wide variety of crest wall alternatives for vertical drops. The following

cases illustrate a number of exist ing applictions.

Case 29 - Little Dry Creek at Krameria, Arapahoe County

This design is referred to as a check drop and is intended to control the hydraulic

grade line while leaving the invert slope at a natural or steeper gradient. The

concept works best with deeper confined channels with steep side slopes, and utilizes

the downstream crest to cause backwater submergence of the upstream drop. In

some ways this is similar to the Corps' approach for "Derrck Stone" protection of

sheet pile drops which also requires crest submergence (ref. 13, 23, see discussion

in Section X).

III-I



The check structure is categorized here because the performance characteristics are

considered similar to the overflow jet and plunge pool concept, illustrated by Figure

III-I.

This rehabilitative maintenance project was designed for a flow rate of 500 cfs. It

has experienced flows on the order of llOO cfs. Rock was originally designed with

a minimal safety factor in mind; thus, one can see the displacement of rock, the

resulting scour hole, and the secondary drop downstream. The structure appears to

be stable but we suspect that future maintenance will require either heavier rock to

be installed utilizing UDFCD guidelines for vertical loose riprap drops, the Corps'

Derrick Stone Approach, or a grouted rock basin.

We note that trickle flow scour exists downstream of the drop and aggradation

occurs upstream of the drop. The observation here is that the grass-lined channels

will naturally agrade or degrade to form a stable trickle channel configuration, and

that trickle channels and corresponding invert elevations will rise to stay above the

effective crest elevation. (Minor notches do not provide sufficient capacity to

prevent aggradation). The trickle channel should be stabilized between checks.

Case 31 - Spring Creek (tributary to Little Dry Creek) downstream of County Line

Road, Arapahoe County

These vertical riprap drops were originally designed to comply with UDFCD interim

standards (Figure III-2). Unfortunately, the rock provIded was Rhyolite which has a

low specific gravity, it had to be grouted to be stabilized. Thus, it was debatable

whether this drop was in a vertical riprap or vertical hard basin category. The

grouting was sub-standard in our opinion, thus it was categorized here. Also, the

rock is deteriorating. It is ironic that very large granite rock was used for the

retaining wall which had a specific gravity of 2.7.

The basins appear stable, however, the trickle and main channels upstream show

signs of aggradation. Also, the loose riprap is not well graded or placed properly

and problems are likely. The design flow was 1160 cfs.

III-2
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Case 33 - Sand Creek at Wheeling, Aurora

This drop IS desIgned to handle 21,500 cfs. It appears stable as seen In Figure Ill­

S, although there IS concern regarding abutment stability when major flows overflow

the ends. It may be preferable to have a deeper trIckle notch as there are some

signs of aggradation upstream. Rock Sizing could not be verified.

Case 60 - Bear Canyon Creek Downstream of Gilpin, Boulder

This drop, depicted in Figure III-4, was originally a sloping drop with much of the

rock instaJJed on a four to one slope. Over time, the chute rock moved and a

plunge pool was created. The design drawings call for a 4-foot layer of 24-inch

dSO riprap to be provided for 30 feet downstream. We suspect that much of the

material has settled in place resulting in a stable scour pool and that problems

occurred during construction. It IS very likely that the upstream wall influences

the discharge pattern over the crest, thus increasing the intensity of scour. There

are other indications of transition and riprap displacement problems downstream as

noted by bank scour.

The structure was primarJly designed for the 5-year event due to Itmited channel

capacity. However, the structure -\'/as designed to be stable for the 100-year flood.

Despite the VISible problems, It appears that the facJllty IS reasonably stable but

Will eventually require more rock work for bank and drop stabJilty.

Case 80 - Big Dry Creek at C-470, Arapahoe County

This drop utilizes precast concrete components to form the drop and stiJJing basins,

as shown in Figure III-S. 12-inch rock is specified for placement in the basin and 9­

inch is called for downstream of the sill. It is apparent that there IS excessive

rock movement, secondary drops downstream of the sill, and a fair amount of channel

instability that wiJJ require corrective work.

CONCLUSIONS

Vertical riprap drops appear to be a more satisfactory alternative than the present

UDFCD sloping rock drops. However, there are fewer existing vertical drops than

sloping drops. The -likely reasons for this are expense and the engineering required

for the wall. To a degree, the success of the drop IS less sensitive to

III-3
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construction flaws than sloping riprap drops. This is because the rock will largely

settle in place, which will then provide a deeper scour pool for energy dissipation

(unless the scour pool jeopardizes the wall).

A trickle channel notch should be provided through the crest, and good transitions

to the downstream trickle are recommended to minimize aggradation upstream and

local erosion downstream. Rock movement in the basin that results in a secondary

drop downstream should be avoided during construction and maintenance. The designer

should make sure that the client understands and accepts the safety hazards related

to the vertical drop, and the likely existence of ponded water, sediment, and debris

in the riprap basin. Measures should be taken to discourage people from being near

the vertical drop.
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Figure 11I-3

Figure 11I-2

Little Dry Creek at Kra­

meria, Arapahoe, County.

Check drop concept which

controls hydraulic grade­

line rather than channel

slope.

Figure III-I

Spring Creek (Little Dry

Creek Tributary), near

County Line Road, Arapa­

hoe County. Rhyolite

(s.g. = 2.3) was used in

channel and granite (s.g.

= 2.7) for wall.

and shallow vertical depth

in trickle section.

Sand Creek at Wheeling,

Aurora. Note potential

for scour at abutments
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Figure III-5

Figure III-4

Big Dry Creek at C-470,

rock size too small and

channel degrading.

Bear Canyon Creek below

Gilpin, City of Boulder.

This was originally a slop­

ing drop, but the structure

has evolved into a vertical

drop, with riprap basin.
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CASES

The trickle channels are very interesting because in some reaches they are actually

diverted to the overbank area. The designers are continuing to perfect the facility,

which is necessary of course, because there are no prototypes.

A variety of components can be used for both the hard basin and the wall, various

contraction effects can be implemented to reduce approach velocities, and different

trickle channel options selected.

~~??__.....n-;~~

Case 27 - McIntyre Gulch, Center through West Virginia Avenue, Lakewood

Figure IV-4 illustrates improvements which included a grouted rock channel and

vertical drops. The channel is steep and likely flows at a supercrltical rate, thus

the channel deserves monitoring. Both the walls and channel banks have subdrainage

prOVIsIOns. The specifications on the project called for pumped grout, vibrating Into

voids and cleaning tl:le surface. Graded riprap was called for. It would have been

an improvement to call for a single layer of rock for constructability, quality

Case 26 - Goldsmith Gulch near Belleview

This is a unique design that creates a drop structure that is a focal plaza and water

cascade feature in the midst of a grass-lined waterway and detention storage facility.

In Figures IV-l and 2, one can see that the basic drops are vertical, but the basins

below have large blocks that also serve to dissipate energy. The design flow is

3000 cfs for the 100-year flood.

SECTION IV

VERTICAL DROP WITH HARD BASIN

The hydraulic phenomenon provided by this type of drop is a jet of water which

overflows the crest wall into the basin below. The jet hits the hard basin and is

redirected horizontally. With sufficient tailwater, a hydraulic jump is initiated.

Without, the flow continues horizontally in a supercritical mode untIl the specific

force of the tailwater is sufficient to force the jump.

INTRODUCTION
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control (it is impossible to know if the voids are filled) and aesthetic reasons.

Functionally, the project is satisfactory for a difficult location and a narrow right­

of-way. This was an UDFCD maintenance project designed for 600 cfs.

Case 28 - Jack Rabbit Gulch near Simms, Lakewood

This development project utilized a SCS vertical stilling basin for a flow of 220

cfs. The basin is depressed below the channel invert and uses a row of baffle blocks

in the basin which helps to shorten the basin length. A 12-inch pipe is provided

for basin drainage and to provide for the trickle flows. The basins, though new,

are filling with debris and there is some concern as to whether the pipe will plug.

Whenever excess flows occur over the pipe capacity or there are malfunctions, the

main channel soils will become saturated and lead to the eventual creation of a

trickle channel (e.g. the East Harvard Gulch example - Case 4).

The safety problems are obvious. A child could easily slip under the rail (Figure IV­

5), and if a person were swept into the basin with any appreciable flow depth, there

would be no practical escape. It was noted that per SCS guidelines transition riprap

was not provided.

Case 30 - Hidden Lake Drainageway at Clear Creek, Jefferson County

Figure IV-6 illustrates this drop, which consists of concrete and grouted rock. The

trickle channel is Shallow, but in this case, there is no aggradation because of the

clear water release from the lake. The grouted rock upstream was added as part of

the maintenance improvements due to vandalism. It was noted that more contraction

and better economy could be achieved by using a much steeper slope, or even vertical

ends on the crest wall.

Case 32 - Sanderson Gulch at Navajo, Denver

The drop here is similar to Cases 68.1 and 68.2 on Weir Gulch which are described

in this section. (See discussion of 68.1 where concerns are expressed about the

trickle channel's shallow depth, and riprap beside the concrete invert in the basin.)

The riprap was grouted as part of a rehabilitative maintenance program (Figure IV­

16). Though the design called for riprap downstream, aggradation has taken place

to the point where the trickle channel has gained a depth of 18 to 24-inches (Figure

IV-2
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IV-17). Aggradation upstream of the drop has also occurred. It app~ars that a

deeper trickle channel, and higher sil! and side contractions of the vertical wall,

would be helpful in providing a more stable design (in terms of not aggrading).

Case 36 - Interior Channel on Development near Lone Tree Parkway and Yosemite,

Douglas County

These drops were designed to pass 450 cfs. The design is qui te clean and straight­

forward, but there are concerns in several areas (Figure IV-7). The timber wall will

be under stress and subject to deterioration because of the wet/dry environment,

particularly at the trickle channel. Also, the trickle channel is very shallow and has

no provision for lateral drainage, except by allowing adjacent soils to become fully

saturated. Once the area is developed, it is apparent that the basin will have

minimal debris, weeds and sedimentation. The upstream rock surface is fairly well

placed. The hydraulics were based on the average section, thus the jump may tend

to wash downstream in the deepest section of the trickle.

Case 37 - Sanderson Gulch, Dover to Ammons, Lakewood

This is a gabion drop structure which is only of interest for its hydraulic configuration,

gabions themselves have proven to be very short lived. Figure IV-8 illustrates the

concept of a small vertical drop into a controlled basin. The side contraction is

effective in controlling the drawdown curve upstream, and projects the nappe into

the horizontal portion of the basin, rather than directing any flow onto the side

slopes. However, the side slopes in the basin allow a good transition and flow

dispersal downstream. The sill control is improved by widening the trickle opening

and protecting the trickle channel downstream. This would also help to minimize

the basin downstream. Also, providing a trickle channel through the crest would

help to reduce aggradation upstream. However, this is not a major problem here

because of the narrow channel and the fairly large trickle pipe through the crest.

The reported capacity is 500 cfs. Overall, the configuration appears workable.

Details and construction components need improvement.

Case 38 - Sanderson Gulch, 500 and 1100 feet downstream of Alameda, Denver

This drop is very si·milar to the previous case; however, the gabions were covered

with shotcrete because of problems with vandalism. Note the visible aggradation

IV-3
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and creation of an incised trickle channel upstream of the drop in Figure IV-9. The

end of the basin has some erosion problems because of the lack of a good opening

to the trickle channel and transition riprap. The basin also has siltation problems.

Again, the overall configuration appears satisfactory and has potential for future use.

Case 39 - Sanderson Gulch, Arkansas to Sheridan, Denver

This case is very similar to Case 38. The reach contains many types of improvements,

but the drops of concern are illustrated in Figure IV-IO and IV-H. The commentary

of Case 38 applies except in the design. Concrete sill walls were added which made

a better transition to the downstream channel. The sill at the trickle channel was

not flush to the invert so siltation still occurred. The configuration is good except

that the side walls are fairly high.

Case 42 - Goldsmith Gulch at Kenyon, Denver

This example illustrates a typical gabion failure (See Figure IV-18).

Case 56.1 - Bear Canyon Creek at Baseline, Boulder

This is a grouted stacked boulder drop (Figure IV-19), which was constructed as part

of a rehabilitative maintenance project. Seepage cutoff and integrity of vertical

drop are provided by concrete backfill behind stacked rocks. An alternative approach

could have been taken by providing a separate cutoff treatment in the upstream

trench and grouting rock to form crest. Pressure relief under the basin and adequate

seepage length are important concerns in this type of design.

Case 57 - Lakewood Gulch between Meadow Creek Drive and Harlan, Lakewood

The design flow of this project is 1000 cfs, while the 100-year flood is 7600 cfs

(which submerges the area completely). It consists of a simple wall with a trickle

notch, and a downstream grouted rock basin (Figure IV-12). Larger rock in a single

layer and holding grout lower would have improved the aesthetics. There are notes

in the inspection reports regarding problems with rock sizing, placement and quality

control.
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Case 68.1 - Weir Gulch, South of Alameda, Denver

Figure IV-13 illustrates the drops used in this newly constructed project. They are

designed for a lO-year discharge of 1700 cfs and a lOO-year discharge of 2500 cfs.

The basin below is a combination of concrete and loose riprap. There is concern

regarding the stability of the rock, and the jump in the deepest point of the drop

washing downstream. The sill downstream is small and only affects the trickle

channel. It would appear that a deeper trickle channel would help by allowing

deeper tailwater in the basin. Also, it appears that grouted rock would help, along

with more side constriction of the crest. Like the Sanderson Gulch drops, there is

merit in this concept.

Case 68.2 - Weir Gulch, Upstream of Hooker Street, Denver

The drop depicted in Figure IV-l4 IS the same type of drop as that in Case 68.1,

constructed during an earlier phase. Some of the rock in the drop (and from upstream

locations), has been displaced. Figure IV-lS is a picture of a 6-inch plastic grid

overlaying the rock which was displaced. This rock has formed the secondary drop

seen in Figure IV-14.

CONCLUSIONS

As can be seen In many of the previous examples, particularly Sanderson and Weir,

performance of vertical drops with a hard basin has been satisfactory. However,

further refinements could be made with respect to trickle channels that daylight

through the crest; good drainage of the basin into the trickle channel downstream,

including shaping of the sill to also provide a good transition to the overall channel;

and good end contractions to keep the nappe directed into the basin.

Safety is a concern, and at a minimum, signage and fencing/railing should be provided

to discourage people from getting near the drop wall. It appears that simple vertical

drop walls work best, while grouted rock or concrete basins both have advantages

for particular circumstances. Care with hydraulics to address general and specific

condi tions in the trickle channel need to be undertaken.
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11 Goldsmith Gulch near

II
Belleview looking up-

stream at one drop where

trickle channel is diverted

II overbank.
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Goldsmith Gulch near

II Belleview looking down-

stream at another drop.
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Goldsmith Gulch near

I Belleview looking up-

stream at wide channel

I bottom.
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Figure IV-4

McIntyre Gulch between

Center and W. Virginia

Avenue. Grouted rock

channel with vertical

drops.

Figure IV-5

Jack Rabbit Gulch near

Simms, SCS vertical basin

with baffle. Pipe drains

basin.

Figure IV-6

Hidden Lake Drainageway

at Clear Creek. Note that

rock was grouted because

of vandalism.



Lakewood.in

Figure IV-8

Figure IV-7

Figure IV-9

Interior Drainage near

Lone Tree Parkway and

Yosemite in Douglas

County. Drop using tim­

ber walls and exposed ag­

gregate basin.

Ammons

Sanderson Gulch, Dover to

Gabion drop with concrete

sill for basin control.

Sanderson Gulch 1,100­

feet downstream of Ala-

meda, Denver, Colorado.

Shotcrete added to gabion

drop.
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Figure IV-IO

Sanderson Gulch, Arkan­

sas to Sheridan, looking

downstream at one drop.

A trickle channel was

added upstream. Down­

stream the sill wall makes

transition.

Figure IV-ll

Sanderson Gulch, Arkan­

sas to Sheridan, looking

upstream at another basin.

There is transition from a

trickle to downstream

channel.

Figure IV-I2

Lakewood Gulch between

Meadow Creek Drive and

Harlan. Grouted rock

basin, and crest wall wit:.

trickle notch.



Denver.

Rock moved

Alameda,

Street.

Weir Gulch above Hooker

Figure IV-15

which forms secondary

drop in Figure IV-14 (6­

inch grid).

phase. Drop is stable

overall, but some rock has

moved.

Figure IV-13

Figure IV-14

Weir Gulch above Hooker

Street. Same drop as Case

68.1 (Figure IV-13), but

was constructed in earlier

of)

Newly constructed drop

with concrete and rock

basin. Trickle has settled

at crest and is quite shal­

low. Rock is small.

Weir Gulch above (south
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Navajo, Denver. Looking

upstream at drop. Note

aggradation in foreground.

Figure IV-I6

I
]1
:11

11
11
II
11

Sanderson Gulch at

11
)1
II
11
II
11\

II
II
II
it
II
II

. . ~...._ .....~.'";.

i~.~~~~~~~·~\.;,f~

IV-ll

Figure IV-17

Sanderson Gulch at

Navajo, Denver. Channel

was originally flush to

trickle channel and riprap

lined. Significant aggra­

dation has occurred and

rock was grouted.

Figure IV-I8

Goldsmith Gulch at Ken­

yon, Denver. Example of

failing gabion.
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Figure IV-19

Bear Canyon Creek.

Grouted stacked boulders,

an attractive treatment

for a tight location.
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SECTION V

SLOPING ROCK DROPS

INTRODUCTION

Sloping rock drops have overall hydraulics somewhat similar to a sloping concrete

drop with a conventional hydraulic jump. However, the water partially flows through

the riprap which creates highly turbulent flow, and more importantly, highly

fluctuating lift, shear stress and impact forces. Ongoing research at Colorado State

University is occurring in this area, which indicates even higher Manning roughness

coefficients than given in commonly used guidelines. This roughness, the trapezoidal

shape and the flatter slopes utilized lead to a wavy undular jump where little energy

is dissipated and turbulence persists downstream.

The Urban Drainage and Flood Control District distributed a guideline layout (ref.

63) for a loose riprap drop which is presented in Figure V-I. A crest wall was

intended to distribute flow evenly across the drop to avoid concentrations of flow

which might require heavier riprap, and to provide some seepage control. As clearly

explained in the guidelines, the rock sizing was based upon the assumption of no

safety factor. Rock sizing was based on the results of physical modeling which was

done during the course of a drop study in Canada (ref. 52), developed for application

by Stevens (ref. 58), and further confirmed by reasonable checks with other shear

stress and drag/lift approaches (ref. 63). In the Canadian paper, it is very clear that

at the no safety factor point, rock smaller than the d50 will move and the overall

drop will begin rearranging into more of a stepped profile. Also, deposited rock

downstream will create secondary bank scour downstream. Analytical details will

be discussed in Section X.

CASES

Many of the following examples utilize the suggested District maximum guidelines,

but other approaches are reviewed.
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Case 6 - Ralston Creek at 58th Avenue, Arvada

This is what is referred to as a stacked boulder approach (see Figure V-2) designed

for a maintenance project. Originally, grout was to be placed in the voids, but

timing conflicts with a 404 Permit negated its use. Fortunately, the box culvert

provides the seepage control. Low flows enter the voids, leaving the debris. A

good depression is provided, and thus, a stable jump.

Stacked boulders drops have the upstream boulder locked behind and lower than the

top of the downstream boulder. Graded riprap is used for bedding and chinking of

voids. Great care was taken to level the tops to create the ledge appearance which

is attractive. In a grass-lined open channel, seepage cutoff and control of erosion

by piping through the voids would be essential. This is approximately a 5 foot drop.

Case 11 - Massey Draw at Carr, Jefferson County

This project was one of the earlier ones in which the designer partially used the

UDFCD guidelines. The design flow is approximately 2085 cfs. The drop height is

approximately 6 feet and it utilizes a 4 to 1 slope. With no stilling basin, the drop

and downstream area will be stressed during major floods. As seen in Figure V-3,

the drops were originally covered with soil. The rock is generally smaller than

specified (dSO of IS-inch rather than 24-inch) and poorly graded so that voids are

open to the subgrade with resulting removal of subgrade material and settling. At

some drops, rock has moved downstream. Cutoff walls are not satisfactorily

controlling piping. We suspect difficult backfill conditions because the wall may

not have had a footer, and it is not apparent how the ends were treated. Eventually,

the drops will need significant repairs.

Case 128 - Tributary L, Niver Creek, Thornton

This drop was offered only as another larger drop that failed during a heavy flood

and required subsequent repair, which still is not entirely satisfactory (Figure V-4).

Ultimately, it is likely that supplementary rock will be necessary as well as grouting.

Case 13 - Cherry Creek near Holly, Denver

Figures V-S and V-6 Illustrate one of the drops rehabilitated. The design called for

a dSO of 24-inch. Figure V-5 was taken during a sustained release from Cherry

V-3



Creek Reservoir of approximately 400 cfs. Figure V-6 was taken later and indicates

some rock movement. It visibly portrays that the dSO is on the order of 12 to 14­

inches, which was physically sampled and measured by Dr. Stevens. Clearly, the

lesson here is on the significant difficulty in providing, installing and inspecting riprap.

Case 14 - Little Dry Creek and Liberty Hill Tributary, Arapahoe County

Figures V-7 and V-B illustrate the problems with the drops on the Liberty Hill

tributary. Little Dry Creek actually had less significant problems, apparently because

of the tailwater. Figure V-6 illustrates that the jump has a tendency to wash

downstream and erode (which was verified by calculations). Note that the riprap is

poorly graded and varies in size depending on location. The jet in the center has

washed out the riprap (Figure V-B). Note the segregation of the rock in the picture.

Very small rock is by itself on the left side of the drop, while larger, more poorly

placed rock is on the right. The dSO of the rock was supposed to be 2 feet, clearly

the rock is inadequate and thus the displacement. The flow range for the Liberty

Hill tributary is 400 cfs while Little Dry Creek is 660 cfs.

Note that the rock displacement is largely in the center of the drop and that the

side slopes do not have nearly the level of damage. The design slope was 4.5 to 1,

with a 20 foot basin downstream. There was no visible slope break or basin

distinction, which leads to the conclusion that there is even more tendency for the

jump to wash downstream with the resultant erosion. Formation of a depressed basin

is highly advisable to encourage jump stability, and to prevent secondary drops and

erosion. Another observation is that this type of trickle channel provides for poor

lateral drainage of adjacent soils. Thus, when the jump washes downstream during

a flood, the soils adjacent to the trickle are especially vulnerable because vegetation

will be poorly established and the soils are inherently weak.

Case 15 - Lone Tree Creek near South Tucson Way, Arapahoe Airport Center,

Arapahoe Count y

These are a series of loose riprap drops (Figure V-9), constructed during the initiation

of the present UDFCD District guidelines (ref. 63). The design flow was 1300 cfs,

and there are both 2 and 3 foot drops. The slopes vary, apparently from 9 to 15%.

The d50 that was to have been provided was 1.5 foot, but 1.0 to 1.25 was observed.

V-4
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The trickle channel does daylight through the crest and has a depth of 1.3 feet.

Some rock movement was noted in the trickle channel area and erosion had occurred

downstream of the basin. Overall, the appearance is good and the drop appears to

be stable. The flatter slopes appear to be a positive factor. Some movement of

rock immediately upstream of the crest is observed, but further upstream there

appears to be some minor aggradation.

The concept of the trickle channel going through the crest appears workable if care

is taken on rock sizing.

Case 16 - Little Dry Creek Upstream of Sheridan, Westminster

Figure V-IO illustrates one of the drops. The dSO specified was IS-inches, but it

appears that there is a large percentage that are as large as 24-inches. These

pieces lead to poorly graded riprap, and also, the rock is poorly placed with numerous

pieces protruding objectionably above the design grade. A high water mark was

observed, nearly as high as the upper side slopes of the drop. Many pieces of riprap

had been displaced below the trickle channel area even though the trickle did not

daylight through the crest. There are signs of aggradation upstream. Downstream,

displaced rock forms a secondary drop and scour at the interface with the downstream

channel. The' drop slope is 18.7%, with no depression in the basin downstream.

Case 17 - Bear Canyon Creek between Martin Drive and Broadway, Boulder

This project is a series of 12 drops, originally constructed using gabions, which were

replaced because they failed. Most of the drops were replaced with sloping riprap

drops constructed with grouted rock cutoff/control crests. The Urban Drainage

District contracted for and purchased the riprap. The specification called for visual

inspection and assistance with sorting and measuring at the quarry. Though trips

were made to the quarry, no specific gradation tests were completed. There were

problems at the site with sizing and placing of the rock with a separate construction

contractor, and problems with grouting the crest.

Dr. Stevens made an independent evaluation (ref. 59) of the project for the Urban

Drainag e District including its performance and suggested repair modi fication. His

measurements revealed a d50 at most of the structures of 1.25 feet, whereas 1.5

V-5
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was specified. A significant flow of water (2.S to 4 foot depth depending on

location) did occur which resulted in damage to the project at the drops, with the

exception of one. Drop S is depicted in Figures V-ll and V-12 for post construction

and post flood condition and shows only minor movement; dSO was 1.5. Figures V­

13 and V-14 illustrate Drop 9 f or the same comparison. The dSO of Drop 9 was

reported as 1.25, but inspection of V-13 shows a lot of variation and many locations

with concentrations of smaller rock. Drop 9 was so greatly changed that it is

probably inappropriate to continue to regard it as a sloping drop.

A hydraulic and rock sizing analysis, performed as part of this investigation and

described later in this report, found that Drop 5 was wider and thus subject to less

shear stress than Drop 9. Drop 9 had smaller rock and was subject to greater

hydraulic forces, thus the resultant difference in stability.

At the time of our inspection, seepage under the grouted crests was noted. This

most likely correlates to construction problems with the grout cutoff, its close

proximity to the thick layer of sloping rock (which decreases the cutoff effectiveness)

and the porous nature of the adjacent bed materials.

We noted that although widths varied (and thus the unit discharge), the design rock

size apparentl y did not. Also, the design drop slope was 4 horizontal to 1 vertical.

The design frequency was 5 years and the design flow was 600 cfs.

Frankly, the si tuation is discouraging because care had been taken in rock acquisition

and placement, certainly more care than had been taken in similar projects of that

date.

Case 19 - Lilley Gulch East of Simms, South of Bowles (Dutch Creek Tributary),

Jefferson County

There was little information available on these drops. However, the condition is

satisfactory as seen in Figure V-15. Note that the trickle channel does daylight

through the crest wall, and transitions out downstream. The drops are small (2 to

3 feet) and have mi id slopes.
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Case 20 - Tributary to Englewood Dam above East Dry Creek Road, Arapahoe County

Figures V-I6, V-I7 and V-I8 illustrate failures for a 965 cfs design at different

locations. Figure V-16 i llUl~trates complete displacement to subgrade, while Figure

V-17 illustrates the displacement of the riprap downstream. This situation will

continue to worsen. The concrete cutoff walls clearly help slow the degradation

process. Slopes of S to 1 and 8 to 1 were used, both with a design dSO of 18­

inches. Figure V-I8 shows a 6-inch mylar grid on top of the riprap, which is clearly

smaller than specified.

Case S2 - South Platte River near Oxford, Englewood

This structure, designed by the Corps 0:1' Engineers (ref. 13), is designed based on

modeling results (ref. 23) for a special system to protect sheet pile. The jump is

submerged on the face, in fact, the design requires tailwater higher than the crest.

Figure V-I9 looks upstream. The rock detailing is interesting in that it utilizes a

single layer of larger rock (Derrick Stone) which has a minimum dimension (38-inch),

laid over graded riprap (IS-inch dSO) which is placed on bedding and subgrade as

illustrated in Figure V-20. Design flow is 16,400 cfs, slope is 10 to 1, and flow

depth upstream is 11.S1 ft. This installation technique has merit, even for drops with

a conventional jump downstream.

Case 81 - Phillips Drainageway, Tributary to Lilly Gulch, near Yosemite and

Count y Line Road

This case, shown in Figure V-21, depicts a failure in progress, worsening as in Figure

V-22, until piping and end cutting around the cutoff wall occurrs.

CONCLUSIONS

There are very significant problems with sloping graded rock drops. There are so

many failures that other options should be used as a standard practice and graded

riprap should be used only in special cases (and then only with extensive engineering

and field quality contra!).

The quality control efforts to date of the previous cases (except one), consist of

"eyeball" measurements of stockpiles and placed riprap. Apparently, only the Corps

of Engineers enforces specifications which require an actual gradation test of a

V-7



large sample of riprap. Following their example, we recently conducted such a test.

A 21 ton sample was taken from rock loaded for delivery. All larger rock was

measured and sorted into small groups of similar sizes, and then weighed (Figure V­

23 and V-24). Smaller sizes were segregated and weighed. Plots of the results are

given in Figure V-27, both in terms of equivalent sphere diameter based on weight

and measured size in terms of passing an equivalent grid, which are similar. Clearly,

we found the rock to be short on larger sizes, though the group felt at the time

that the gradation was reasonable using the eyeball method. Once stockpiled at

the construction site, photographs of the 6-inch mylar grid varied greatly (Figures V­

25 and V-26). The quarry had suggested keeping this as a visual comparative

standard, but clearly one would not be able to compare with such a variation in

the pile. Thus, it appears that periodic tests need to be completed.

One point worth discussing is the processing of larger graded riprap. The quarries

drill and shoot according to the general sizes being demanded. The material can

be sorted by rolling downhill to various benches (the largest going to the bottom)

and by the loader operator mixing out of stockpile by eyeballing. Obviously, because

of expense, few gradation tests are run. The process is very sensitive to the

operator, and any change in personne I can result in a size change.

Another problem is handling and placement of riprap at the site. Every step results

in segregation, and it is very easy to end up puting all large rock in one area

(because it may be in the outside of the pile) and all smaller rock in another.

Improvements can be made if the placement approach is oriented to place all rock

greater than d50 on the surface (on the basis that all smaller material will be worked

downstream unless it is trapped by the larger fraction). Photographic standards of

such rock placement (through mylar overlay grids) may allow measurable standards

to allow continuous size checking. Of course, this would be in conjunction with

gradation tests.

The entire subject of rock placement techniques is controversial, with different

approaches being taken. Simons reports success using a well graded riprap mixture

that includes sizes down to the equivalent of bedding material, and using a single
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layer for bank riprap. Some adjustment and follow up repairs are anticipated m

this approach, and stable bank riprap is achieved.

Many of the quality tests are infrequently run, and the practice is to use very aged

tests. Fractures and other discontinuities are very difficult to test for and would

require inspection of the quarry and the rock.

Most of the drops have severe problems within the base width of the drop, while

the riprap on the side slopes is more stable. Trickle channels that daylight through

the crest do not appear to create ml?jor problems. Without trickle channels through

the crest, aggradation upstream and lost flood capacity results. However, separate

hydraulic analysis and rock sizing would be required when providing a trickle section

thru the drop. The flatter slope drops (e.g. 10:1) appear to be more successful.

Cutoff walls appear to be a major mitigation factor where failures are occurring.

In clayey soils, we percieve that more effective cutoff could be achieved by trenching

in the soil and backfillmg with concrete; only formmg above rock subgrade.

Stacked boulders and Derrick Stone type approaches have merit. Seepage cutoff

and control of erosion needs careful consideration. The hydraulics and forces on

the stacked boulders have not been studied, and no real guidelines are available,

thus work is needed.
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Figure V-2

Ralston Creek at 58th Ave-

nue, Arvada, stacked boul­

der example.

Figure V-3

Massey Draw at Carr, Jef­

ferson County. Note poor

rock gradation, undersized

voids and settling of rock.

Seepage noted.

Figure V-4

Tributary L. Niver Creek,

Thornton, looking upstream

at rock drop that failed in

"Thornton Tornado". Larger

rock placed afterwards.



Illustrates jump

Cherry Creek near Holly.

Taken subsequent to V-6,

with some movement of

rock indicated and small

size (12-14 d50) provided

rather than the 24-inch d50
which was specified.

Figure V-6

Cherry Creek near Holly.

Flow is approximately 400

cfs.

Figure V-7

Figure V-5

Liberty Hill Tributary, Lit­

tle Dry Creek, Arapahoe

County.

that washes downstream

and rock movement.
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Poorly placed and

Figur~ v-a

Figure V-9

Figure V-10

Liberty Hill Tributary,

Little Dry Creek, Arapahoe

County. Much of the rock

invert is washed away.

graded riprap, many larger

pieces than specified dSO

have moved, especially

near the trickle channel.

Little Dry Creek above

Sheridan Blvd., Westmin-

ster.

Lonetree Creek near Air­

port Center, Arapahoe

County. 1300 cfs drop with

trickle channel. Mild slope

and fairly stable drop.
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Figure V-13

Figure V-12

Figure V-ll

Bear Canyon Creek below

Martin Drive, Boulder. Drop

5 after flood event stable

except for minor move­

ment.

Bear Canyon Creek below

Martin Drive, Boulder. Drop

5 immediately after con­

struction.

Bear Canyon Creek below

Martin Drive, Boulder. Drop

9 immediately after con­

struction.
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Figure V-I6

Figure V-I5

Much of

scattereri

width of drop.

the riprap is

downstream.

Figure V-I4

Bear Canyon Creek below

Martin Drive in Boulder.

Drop 9 after flood event.

Massive amounts of rock

movement within base

Lilley Gulch East of Simms,

South of Bowles, (Dutch

Creek Tributary), Jefferso"

County.

Tributary to Englewood

Dam above East Dry Creek

Road, Arapahoe County.

Example of a failure.
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Englewood.in

Figure V-19

Figure V-17

Figure V-18

Tributary to Englewood

Dam above East Dry Creek

Road, Arapahoe County.

Example of displaced rock

from failure.

Tributary to Englewood

Dam above East Dry Creek

Road, Arapahoe County.

6-inch mylar grid on re­

maining riprap showing un­

dersized rock (D50 spec =
18").

Oxford

South Platte River near

Looking upstream at "Der­

rick Stone" Drop.
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Derrick Stone (single layer

boulders) details by Corps

of Engineers.

Figure V-22

Figure V-20

Figure V-21

Phillips Drainageway, near

Yosemite and County Line

Road, Arapahoe County.

Rock movement occurring.

(Rock was originally at

crest.)

Phillips Drainageway, near

Yosemite and County Line

Road, Arapahoe County.

F aHure more severe one

year later.

PLAN
NO SCALE

Underlying
.Rlprep

NOTE: Underlying rlprep
e/so used to fill
Ifolds of cOlfer
stone.

TYP. DERRICK STONE

SECTION
NO SCALE

Bedding
"'eterlel
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Figure V-23

Example gradation test for

rock riprap.

Figure V-24

Example gradation test for

rock riprap.

Figure V-25

Grid over sample stockpile.
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Figure V-26

Grid over sample stockpile

in another area. Note vari­

ation from Figure V-25.

Figure V-27

Example gradation curve

resulting from quarry test.
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SECTION VI

SLOPING GROUTED ROCK

INTRODUCTION

Sloping grouted rock has a surface hydraulic condition and forces acting upon the

structure similar to that of a sloping concrete drop. However, where many of those

structures rely on structural concrete, sloping grouted rock relies on its mass to

resist the forces, uplift in particular. Seepage control, including conservative cutoff

designs and toe drains are essential. The filling of the voids between the subgrade

and the rock is essential to avoid piping under the rock and to prevent circulation

of surface flow under the rock, thus eliminating lift. Dynamic lift occurs in loose

riprap because there is circulation of flow. However, the grout does not necessarily

need to go all the way to the rock surface, as hydraulic roughness is generally

desirable and the appearance is better when the grout is held 6 to 9-inches lower

than the rock surface.

Over the years, it has become clear that one must specify the placement technique.

This includes low pressure grouting using a nozzle that can penetrate to the invert,

and "pencil" vibrators to allow working grout. Rock of a uniform size that is larger

than the grout thickness (not using graded riprap) is important to allow good grout

placement to the subgrade.

CASE STUDIES

To attest to the effectiveness of grout, one only has to recognize the countless

maintenance repair projects where grout has been used to repair structures and

graded riprap which is being displaced. There are also numerous failures, typically

where concrete is dumped over riprap. Dr. Simons reports major "blowouts" at

structures where uplift pressures were not controlled. The point of the following

cases is to illustrate grouted rock used from the inception of a project, and the

need for some of the construction improvements described above.
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Case 7 - Dakota Avenue Tributary at Depew of Weir Gulch, Lakewood

Figure VI-l depicts small (both in flow and height) grouted rock drops built as part of

a restoration maintenance project. The project has been successful, although the

aesthetics might have been improved. The drop itself is formed by large boulders.

On the upstream side of the boulders, concrete is placed (contained on one side by

the boulders and the other by a form) to provide a cutoff. The rock in the basin

is grouted. This could be improved by using boulders larger than the grout thickness

and holding the grout to a lower level so that it is not as visible.

Case 36 - South Jefferson County Drainage 6200, near Depew, Jefferson County

This case, depicted in Figure VI-2, is a combination of grouted riprap and loose

riprap. The grass covered portions have buried Type L riprap, while the trickle

channel is grouted riprap. A concrete cutoff wall was used also. This particular

structure is in the backwater of a box culvert, thus it is somewhat protected.

Further upstream the drops are being grouted and there are some problems with

stability.

Case 46 - Slaughterhouse Gulch Upstream of Prince, Littleton

This is a case of the "battle of grouting graded riprap". As seen in Figure VI-3,

the drops are grouted riprap, comprised of approximately 9-inch d50 rock. There

were extensive problems during construction on grout placement, rock size and grout

cleanup. Muriatic acid was used to clean rock after the fact, but it was not

satisfactory. Any excess grout has to be washed off immediately.

The plans call for a crest cutoff of larger grouted boulders, but there is no specific

dimension of the cutoff depth below the adjacent riprap. Soils are erratic with

presence of fine to coarse grained sands. The riprap on the drop and through the

basin was shown to have the upper 6-inches grouted (total layer thickness being

1.75 feet), with weep holes. The concern here is that seepage erosion could occur,

resulting in a high underflow. Either erosion of subgrade could undermine the

structure, or more likely, excessive uplift pressure on the grout surface could occur

because the weep capacity would be insufficient.

VI-2
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The basin is depressed at the toe 1 foot, and gradually slopes up to the invert

downstream. Thus, extra depth is provided to help with forcing the jump at the

toe. The design flow is 1420 cfs. The depressed basin might be further improved

by extending this depression elevation to the end of the basin.

Case 47 - Lena Gulch Upstream of Kipling, Wheatridge

Figure VI-4 illustrates a series of drops designed for 2650 cfs. Extensive care was

taken with a concrete cutoff wall constructed on caissons and backfilled with

imported clay zones upstream and downstream. An engineer was at the site during

the grouting of the graded riprap, which. was done in a layered approach after

removal of the fines. Afler this job, our personnel resolved not to grout smaller

graded rock.

Hydraulically, the basin could be improved by depressing it further through the use

of more of the vertical available from the trickle channel. There is a zone of

buried graded riprap downstream that will be exposed in events such as the 10 to

100-year flood. One other improvement could be made by putting in obstructions.

to help dissipate energy and prevent jump washout in the trickle channel. Note the

stability of the grass-lined channel and the compatibility of the trickle channel.

There has been construction activity upstream, yet stability has been maintained

(there is also a reservoir further upstream of the construction).

Case 61 - Lee Gulch Upstream of Windemere, Littleton

This is a drop and dam combination which forms a recreational pond. It was designed

by our staff as part of a maintenance project with the District and littleton. Figure

VI-5 illustrates the grouted rock, which in this case was graded rock with all rock

smaller than about IS-inches removed. The dam had previously breached and was

rebuilt with tight clays. An excavated trench was filled with concrete which was

extended to grade to form the cutoff. The rock was placed and a control grid

established to check minimum grout thickness. The rock was placed directly on clay

subgrade, with weep drain trenches at intervals near the toe. As the grout was

held low, it is not very visible. The community was very receptive to the project

(including favorable press coverage). We perceive that the project could have been

VI-3



improved by using some larger boulders, and placing rock such that there were

exposed horizontal surfaces, in other words, more stepped ledges.

Figure VI-6 illustrates one worrIsome maintenance problem. Although quality tests

were submitted, the rock varies in quality, with some pieces weathering severly.

The project has experienced several heavy overflows. Seepage at the toe drains IS

minor.

Case 82 - Clear Creek near Confluence with South Platte River

This project is part of an ongoing maintenance project for a sewer line crossmg for

the North Washington Water and Sanitation District, undermined by degradation

associated with the South Platte River. The photographs here illustrate construction

techniques for grouted rock. Figure VI-7 shows the low pressure pump. Figure VI­

8 illustrates the large rock with voids open to subgrade. Figure VI-9 illustrates

placement and vibration. We noted that if the grout could be held lower it would

look better. Figure VI-IO is a closeup view of a grouted area; note that the rock

with flat tops look better than the rock with jagged edges or pointed features

exposed. Figure VI-11 illustrates satisfactory appearance of the same area from a
farther view.

Case 83 - Santa Fe Avenue Dam, Arkansas River, Pueblo

This is an 11 foot high grade control dam and whitewater bypass designed by our

firm for the Pueblo Conservancy District. Figure VI-12 illustrates the use of grouted

large boulders. The structure uses sheet piles and other special structural and

seepage control detaIls. Also, polypropylene fiber reinforcement was added to the

grout mix. The grout will be monitored for durabihty and resistance to abrasion.

Note the good dissipation without a linear hydraulic jump.

CONCLUSIONS

Generally, grouted rock has been successful when large thicknesses of rock and grout

are used, and cutoff and seepage control is provided. Many drop designs have
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attempted to grout design configurations based on sloping nprap designs, but grouting

the graded riprap. It is clear that it is an entirely different problem with respect

to hydraulics, surface hydraulic forces imparted on the structure, seepage control

and uplift. The construction techniques necessary should be different than those for

a sloping graded riprap drop.

A key problem noted is the use of a short cutoff wall with loose riprap upstream

and/or bedding and ungrouted riprap (under the grouted layer) downstream. This

leaves a very short seepage path to the riprap and bedding, which then provides a

high capacity path for seepage. Even with the provision of weep pipes, seepage can

be such a high flow (from the failure along the short seepage path), that it cannot

be relieved and resultant uplift failure can occur. The two most prevalent modes

for failure of grouted riprap are uplift and piping/erosion of the subgrade below the

riprap. The design and installation can be Improved by larger rock (greater in size

than the grout thickness), grouting to the subgrade, deeper cutoff and avoiding loose

riprap or other free draining materials beneath the grouted rock layer which reduce

the seepage length. Toe drains or other specific subdrainage measures should be

designated. Placing bedding continuously under grouted riprap should be carefully

evaluated. It can be helpful for frost heave, especially for thinner grout layers, but

is generally counter productive to controlling seepage uplift pressures. Locating

the cutoff upstream of the crest is helpful in seepage cutoff.

Grouting is much more successful and easier to construct if rock larger IS in all

dimensions than the grout thickness used. Voids between and under the rock are

directly accessible and the complete subgrade interface can be grouted. Having

rock which is basically 33 to 50% larger than the grout thickness is advantageous

for ballast, hydraulic roughness, aesthetics, and weathering. Placing rock with large

flat surfaces on the top horizontally is attractive, as well as hydraulically effective.

Overall drop slope grades are less important, whereas interlocking and stepping are

important to improve hydraulic roughness, dissipation, stability, and minimization of

grout volume and visibility. Seepage uplift is critical, and sufficient grout and rock

thickness are directly related. As discussed in Section XI, surface hydraulic forces

are not very significoant (other than the weight of the flow) for grouted rock, where

they are paramount for sloping loose riprap.
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Recently, polypropylene fiber reinforcement has been installed on several drops. If,

as the manufacturer's literature states, the fiber reinforcement serves to increase

crack resistance, durability and abrasion resistance, then it may be helpful. These

structures should be monitored.
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near6200,Drainage

Depew, Jefferson County.

Grouted trickle with

buried loose riprap (note

outline of crest wall).

Figure VI-3

Figure VI-2

South Jefferson County

Figure VI-I

Dakota Avenue Tributary

at Depew, Lakewood.

Small drops using grouted

boulder crest (with con­

crete cutoff) and grouted

riprap basin.

Slaughter House Gulch up­

stream of Prince in Little­

ton. Grouted rock drops

using riprap are difficult

because penetration of

voids for the full depth is

difficult and results in ex­

cess grout on the surface.
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Figure VI-4

Lena Gulch upstream of

Kipling, Wheatridge.

Figure VI-5

Lee Gulch upstream of

Windemere in Littleton.

Pond formed by earth dam

and grouted rock drop.

Figure VI-6

Lee Gulch, upstream of

Windemere in Littleton.

Some pieces of rock are

experiencing severe wea­

ther despite submitted

test data.
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Figure VI-7

Clear Creek near the

Confluence with South

Platte River, low pressure

grout pump.

Figure VI-8

Clear Creek near the

Confluence with South

Platte River, rock prior

to grouting, voids are

open to subgrade for ease

of grout penetration.

Figure VI-9

Clear Creek near the

Confluence with South

Platte River. Grouting

and vibration with pencil

vibrator. Grout is slightly

high.



I Figure VI-IO

I Clear Creek near the

*
Confluence with South

Platte River closeup of

I grout area. Grout is

slightly high, rock with

flatter top surfaces looks

I better than rock with

points and jagged edges.

I
I
I Figure VI-ll

I Clear Creek near the

Confluence with South

I Platte River. Area in VI-

10 is on far side, notice

I grout not readily visible.

•
J,

JI Figure VI-I2

JI
Santa Fe Avenue Dam on

the Arkansas River in

II
Pueblo, Colorado.
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SECTION VII

SLOPING CONCRETE DROPS

AND OTHER SIMILAR HARD BASINS

INTRODUCTION

The hydraulic concept of these drops is to form a conventional hydraulic jump, which

dissipates energy by extreme turbulence, usually associated with a reverse current

surface flow as the supercritical flow down the face converts to subcritical flow

downstream (ref. 7,10,17,34,53,54). There are other techniques which place

the roller or reverse currents underneath (ref. 20, 28, 43, 61) but their deSign is

more intricate.

As for the conventional drops, there are numerous detailed concepts which have

been investigated. Classics among these are the Saint Anthony Falls Sloping Basin,

and USBR I, II, IV, V (ref. Chow, Bureas). These drops are suited for different kinds

of situations. The Saint Anthony Falls and the Bureas I, IV and V may have limited

application to District projects.

The Saint Anthony F aIls Sloping Basin and the USBR Basins (with the exception of

Type 1) all work at techniques to shorten the basin length. In the USBR Basin I

no special measures are provided. On the smooth concrete basin it can take

considerable basin length to "burn off" enough energy to dissipate the supercritical

flow to where a jump will begin, and then more length to allow for the turbulence

of the jump. Basin I would be quite expensive because of its length. The other

basins require a certain amount of tailwater, which requires depressing the basin,

and the use of baffles and other shapes/profiles to allow shorter basins, related

dissipation, and control of troublesome wave patterns. There are also varIOus

construction techniques such as soil cement and rollercrete. These types of

configurations may provide hydraulic profIles of various types.

CASE STUDIES

Grass-lined channels -typically involve low unit discharges and low Froude numbers.

The depressed basins may be troublesome with regard to maintenance and nuisance

VII-l



VII-2

It was also noted in the file that the entire project was not accepted for maintenance

because of lack of a trickle channel on the project.

Figures VII-4, -5, and -6 are various VIews. Clearly there are scouring problems

downstream, but it appears that most of this is due to headcutting caused by Platte

clearly the basin is too short to contain the jump as seen in Figure VII-3. The park

setting is nicely maintained by the City of Englewood.
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Actually, there is concrete rubble riprap buried downstream because

There is not sufficient prOVISIon for a trickle channel, and aggradation IS being

experienced as seen in Figure VII-2. This problem is also associated with a sill on

the crest.

Case 49 - West Harvard Gulch between Tejon and Zuni, Englewood

This is an interesting design which uses a 2-year storm sewer to carry frequent

flows, and a grass-lined channel with concrete drop to convey the 100-year flow of

conditions. Therefore, their use has been limited. Following are a few cases

investigated in the MetropolItan area.

Case 50 - Niver Creek just upstream of Confluence with South Platte, Adams County

This is a modified USSR Type III drop. The baffles on the face have been moved

up because the designer was concerned that they would be submerged and ineffective.

Its use has been extrapolated for a Froude number less than 4.5 which is the normal

Bureau limitation. Also, riprap has been used above walls that were shortened to

economIze. The design flow was 2700 cfs.

Case 48 - Massey Draw Upstream of Carr

Figure VII-l depicts this drop, which is 21 feet high with the lower end submerged in

a pond. The basin width tapers to a smaller width upon entering the pool. The

design flow is 2085 cfs and the drop appears to be generally satisfactory. It certainly

fi ts with the pond. The baffles on the face were provided to prevent its use as a

bicycle ramp, which basically seems questionable considering that the slope is 2:1

(maybe to prevent use as a slide).

1000 cfs.
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Ri ver degrada tion. Regardless, the concern is that the tailwater in the basif""l would

then be lower and the jump could wash out. No provision is made for transition to

the trickle channel downstream, riprap has been moved to form a secondary drop

downstream and high walls have no railing or fences for safety provisions.

Case 53 - Unnamed Creek near Bates and Flanders, .Aurora, Colorado

This is a recently constructed drop, designed for a flow of 5800 cfs. Figures VII-7,

-8 and -9 depict the ten foot drop, which is the Saint Anthony Falls type. Figure VII­

7 shows a general perspective. Note that the rock upstream is somewhat larger

than downstream, depending on location. There is no provision for the trickle channel

upstream and we suspect that aggradation may occur. Figure VII-8 shows weeds

and riprap in the basin. Downstream, Figure VII-9 shows a nice transition to the

trickle, but much larger rock should be used with some provision to dissipate the

jet that will break through this area. The soils appear to be a silty sand with

provisions made for seepage control. The downstream bed appears to be controlled

by the road crossing, otherwise a baffle chute would have been a preferable choice.

The literature researched did not provide any guidance on the effect of sloping

abutments used on this project.

CONCLUSIONS

There may be applications where sloping concrete drops are advantageous, but

generally speaking, other drops such as baffle chutes or sloping grouted rock appear

to be more appropriate for District condi tions. The basin depths required do create

maintenance and nuisance problems. The guidance provided by the literature is clear

and relatively easy to use, but the implementation is often difficult or impractical

for District grass-lined channels. This basically has to do with providing basin depth

without creating a maintenance problem, less flexibility in adapting to varying bed

conditions and generally low Froude numbers associated with drops in grass-lined

channels.
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Figure VII-1

Massey Draw upstream of

Carr, Jefferson County.

Sloping concrete drop

with 21 ft. drop, lower

end submerged in pond.

Figure VII-2

Massey Draw upstream of

Carr, Jefferson County.

Upstream of concrete

drop, aggradation occurr­

ing.

Figure VII-3

West Harvard Gulch be-

tween Tejon and Zuni,

Englewood. Flows up to

the 2-year are carried in

a storm sewer. Buried

rubble is used downstream

of the concrete basin.



Niver Creek just upstream

of the South Platte River,

Adams County. Upstream

view looking at secondary

drop formed by displaced

riprap.

Figure VII-5

Ni ver Creek just upstream

of the South Platte River,

Adams County. Modified

USBR III Basin, baffles on

slope have been moved up

and sidewalls shortened

with riprap above.

Figure VII-4

Figure VII-6

Ni ver Creek just upstream

of the South Platte River,

Adams County. Overview

of headcutting and in­

stability downstream. If

related tailwater becomes

insufficient, jet will wash

downstream.
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near

near

near

Flanders,

Flanders,

Flanders,

Downstream

Creek

Creek

Creek

Overview, no

and

and

and

Figure VII-7

Figure VII-8

Figure VII-9

Bates

Aurora.

Bates

Aurora. Basin condition

is a nuisance.

Unnamed

Bates

Aurora.

Unnamed

trickle provisions up­

stream. SAF sloping drop.

Unnamed

trickle provision made,

but rock is smaller and

extra features need to

dissipate jet in this loca­

tion.
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CASE STLDIES

There are numerous examples of check structures. Many can blend with, or are hard

to distinguish from, regular drop structures. This is appropriate as they in effect

must control both low flow channels and the major floodway.

The basic strategy is to determine the stable slope and configuration for a variety

of frequent el,; ents, with particular emphasis on the dominant discharge (mean annual

or 2.33 year flood). Evaluation of the soils, bed materials and transported materials

is part of this evaluation.

The common technique is then to construct a serIes of small drops which then provide

control points and establish bed slopes. With this control provided, erosion is still

likely, but its extent is minimized. Other options which are used, depending on the

situation, and in various combinations, include trickle channel lining, toe riprap,

control sills across the flood plain, revetments, and groins.

---~-----­
~-------

~. ~=-

With the 8d\ ent of flood plain management and regulation, developers have often

preserved the flood plain or made only mini mal intrusi ons. Unfortunately, urbanizati on

~~rr')ntp-s more frequent and sustained flows. It is not uncommon for waterways to

;;:;'Jhsequp.nth experience 3 to 6 feet of erosion, with the very real possibility of the

pntire flnod\'/?y receiving serious damage and endangering property. Put another

W8V~ the ('.'r,ral! Hood plain may be stable and able to resist major flood events, but

'.he tricki(~/\o\A/ flow channel has exposed sott, wet soils that are susceptible to

erosion, cH10 stable only when the channel invert has a very flat slope. These

sitl18tions ~8n also occur in grassed waterways, many of which have wide shallow

flows and are below developed areas.

lNTRODUCTION

'SECTION VIII

LOW FLOW EROSION CHECKS

AND CONTROL MEASURES
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Case 8 - Bear Canyon Creek, upstream of Broadway, Boulder

Figures VIII-l and VIII-2 depict the case where it is difficult to distinguish between

a check structure and a drop structure. There is little capacity before flow is over

the abutments, so we categorized them as check structures. The structures have

had to be rebuilt several times and in 1985 grout work was added to prevent

headcutting by piping through the voids. We suspect that the rounded boulders were

troublesome until grouted. Judging by the stream slope, we suspect that the drops

should have more capacity, as higher flows will have very erosive velocities.

As seen in Figure VIII-2, a notable aspect of these drops is the depression in the

basin downstream that dissipates the energy and allows quiescent flow downstream.

Note also that the crest had to be widened to achieve seepage cutoff.

Case 10 - Little Dry Creek in Arvada

As part of a rehabilitative maintenance project, check structures and other

improvements were designed to stabilize serious erosion of the trickle channel which

had enlarged to major scoured out sections. Rock check structures were utilized

after determination of the stable slope as evidenced by Figures VIII-3.

Although successful for stabilizing the channel, problems occurred with the checks

themsel ves in terms of endcutting and piping erosion. The structures were grouted

under a District maintenance project, but there are still problems with seepage and

endcutting, as seen in Figure VIII-4. Though limited by funds, our thought in

hindsight, is to do much more in seepage cutoff upstream of the crest and extending

the cutoff laterally into the bank, along with the addition of more bank rock work.

Case 22 - Sanderson Gulch between Lipan and Tennyson, Denver

Figure VIII-5 illustrates grouted Type L checks used in this project on some locations.

Evidently, the upstream edge was thickened, but some seepage and end erosion has

occurred. The channel upstream is apparently stabilized.

Figure VIII-6 illustrates loose riprap checks, which have also stabilized the channel

but are experiencing- adjacent scour problems.

VIII -2
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Case 23 - East Harvard Gulch east of University, Denver

Figure VIII-7 is presented mainly to illustrate what happens with "sugar coated"

grout, or in this case, shotcrete. Without complete penetration of the voids, support

is undermined. Also, the shotcrete layer is so thin that it has no integrity.

Case 65 - Little Dry Creek, Cherry Hills Country Cl ub

Storm runoff spills from the Highline Canal and increasing low flows from the

urbanizing area upstream resulted in degradation of several feet in the golf course.

Th e gol f course installed ch eck structures and some bank improvements/trickle channel

relocations for a limited project budget. In a second phase, the Urban Drainage

District furth er stabil iz ed th e banks and improved the ch eck structure.

Figure VIII-8 illustrates a typical check structure, and Figure VIII-9 depicts some of

the bank stabilization measures.

CONQUSIONS

L ow flow checks and associated erosion control techniques can be effective in

stabilizing grass-lined channels and flood plains. The application and sizing is complex

because of the need to address a wide range of flows. Although the checks may

stabilize low flows, the checks themselves may be in jeopardy for mid-range flows

as water goes around the check abutments.

Extensive care is needed with seepage cutoff and abutments that key far back into

areas that are less likely to be damaged during high flows. Care should be taken

to have a depressed stilling area to avoid a secondary drop at the end of the drop.

In any case, ongoing maintenance of check structures will be likely and should be

considered in the design so later repairs are practicable.
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Figure VIII-2

Bear Canyon Creek above

Broadway in Boulder..

Grouted boulder check

structure.

Figure VIII-3

Figure VIII-l

Bear Canyon Creek above

Broadway, Boulder. Note

depressed basin down­

stream for good energy

dissipation, probl ems wi th

scour at abutments.

Little Dry Creek in

Arvada. Stabilization of

grass channel/flood plain

with low flow check

structures.
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Figure VIII-4

Little Dry Creek in

Arvada. Some low flow

checks experienced end

erosion and excessive

seepage even after grout­

ing.

Figure VIII-5

Sanderson Gulch between

Lipan and Tennyson.

Grouted check structure

stabilizing channel.
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Figure VIII-6

Sanderson Gulch between

Lipan and Tennyson, loose

riprap check experiencing

slightly more problems but

stabilizing channel.



I
I
I
I
I
I
I
II
II
II
II
il
II
II
I
,I

I
I
I VIII-6

Figure VIII-7

East Harvard Gulch east

of University, Denver.

Failing shotcrete trickle

drop.

Figure VIII-8

Little Dry Creek at

Cherry Hills Country

Club. Typical check

structure.

Figure VIII-9

Little Dry Creek at

Cherry Hills Country

Club. Typical low flow

bank improvements.
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SECTION IX

NOTES ON THE TRICKLE

AND MAIN CHANNEL

INTRODUCTION

In the process of reviewing the many drop structures in the field and the literature,

we observed many inf luences an d inter act ions bet ween drop design, trickle channels

and the main channel layout. The configurations of each are changed, sometimes

dramatically, by the interdependancies, mismatches with the environment (e.g. high

sediment production), and the influence of maintenance practices.

There is no perfect solution. For example, preservation and creation of wetlands,

which is desirable for environmental and water quality reasons, can lead to aggradation

and reduction in conveyance capacity. The following discussion argues for having

the upstream trickle channel penetrate through the crest of the drop structures in

order to lessen aggradation problems. This action will cause some problems with

the drop structure. Of course, economics has a great influence in design decisions,

with the case often being the serious consideration of initial capital costs alone

(and thus the reduction of effort in the tric kle channeI).

TRICKLE CHANNELS AND UPSTREAM AGGRADATION

Many of the drops investigated have: 1) level crests with little or no provisions for

a trickle channel; 2) the trickle channel discharging into riprap upstream of the

crest, with drainage provided only through the voids in the riprap and notches in

the crest; or, 3) small pipes through the crest. The result of this has been aggradation

upstream, presumably caused by sedimentation associated with the frequent, low

discharge that spreads out and travels at low velocity in the main channel bottom.

There are numerous examples of up to 12-inches of deposition, and quite a few in

the order of 12 to 24-inches.

In these cases, a trickle or low flow channel is created which is generally on the

order of 12 to IS-inches deep and has a width seemingly dependent on the general

size of the watershed, degree of development, and factors such as spills from

IX-l



irrigation ditches. The sides of these channels are generally near vertical and

barren, with adjacent horizontal surfaces that are heavily vegetated. In some cases,

a heavy grass sod has been created and is somewhat reasonable to maintain. Also,

the aggradation appears to stabilize after an adequate trickle channel has been

created. (Sanderson Gulch, East Harvard Gulch, Weir Gulch below Alameda, Niver

Creek at the Baffle Apron). However, this is an observation supported by general

principals of sediment transport and hydrology, rather than a thoroughly supported

and scientifically investigated hypothesis.

Nevertheless, it appears quite sensible to create a trickle channel from the beginning,

on the order of 18 to 24-inches deep. There are several drainages that now have

enough aggradation to be concerned about the loss of hydraulic conveyance.

The basic maIn channel configuration is also of concern. The design configuration

typically utilized is a trapezoid with a bottom that at most has a cross slope of 2

percent, and main bank side slopes of 4:1 and typical depth of 3 to 4.5 feet. It

appears that in higher discharge ranges, say greater than 1500 cfs, aggradation

occurs because the lower flows are spread out. This is hardly a new problem. Man

has searched for stable, self maintaining/cleaning conveyance sections since the

advent of man's waterworks (ref. 10, 45, 47, 48, 49). Our observation has been that

in some cases deeper channel sections have less trouble with aggradation. Thus, we

see the need for investigating modified design gUidelines that would encourage deeper

flows for higher discharges, or more scientifically, would convey a wide variety of

flows, without erosion or sedimentation. The deeper flows may also be used to

create sufficient tailwaters for upstream hydraulic jumps.

THE TRICKLE THROUGH THE DROP

Care will need to be taken with regard to the hydraulic analysis, as the deeper

flow through the crest at the trickle will need to be addressed. This is described

in Section X and XII.

DESIRABLE TRICKLE CHANNELS

The most satisfactory trickle channels provide good lateral drainage, are adequately

protected against erosion during high flow, have minimal sedimentation during low

IX-2
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flow, provide a reasonable transition between zones of dissimilar velocities, and

stabilize the main channel. In this regard, adequate depth must be provided, as well

as, appropriate transition to the adjacent channel bottom.

The shallow concrete pans, or pans with small curb-like transitions, have not always

proven satisfactory. This is because of the poor lateral drainage (seepage has to go

up and over the concrete edge) and frequent wetting from minor flows, both of

which leave the soils wet and in a weakened condition, as well as killing the grass.

The designs using larger boulders to form the edge (backed by riprap and bedding

for good drainage) and inverts comprised on concrete or combination riprap/soil are

preferred. All riprap designs are generally reasonable depending on problems with

vandalism and rock quality. They are depicted in Figures IX-I, -2 and -3. Concrete

designs are workable, particularly those which have good provisions for depth of

flow, good subdrainage where seepage flow can be transmitted through the wall to

the invert of the channel, and the dissipation of differential velocities between

concrete and grass linings.
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Figure IX-3

Figure IX-2

Figure IX-l

Trickle channel with boul­

ders edge and concrete

invert.

Trickle channel with boul­

der edge and rock/soil in­

vert.

Rock riprap trickle chan­

nel.

2% MIN.

TOPSOIL

"TOPSOIL

TYPE "l' RIPRAP TO FILL VOIDS
BETWEEN BOULDERS. TYP. EACH
SIDE.

DESIGN WI DTH
DESIGN
DEPTH d

~
~~~~~"M"RIPRAP,

DESIGN
DEPTH d

TYPE "L" RIP­
--.j RAP TO FILL
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/"\/vv",\,,~~ry-<\Y:if BOULDERS, TYP.

EACH SIDE

,7 "

5" MIN. THICKNESS~
CONC, INVERT

FINISHED GRADE

DESIGN WIDTH

BEDDING
MATERIAL

BOULDERS (MIN_ DIMENSION d + 12") ARRANGED WI
TOP SURFACES LEVEL (±3") AND AS CLOSE
TOGETHER AS POSSIBLE

DESIGN WIDTH

BOULDERS (MIN. DIMENSION d+6") ARRANGED
WI TOP SURFACES LEVEL (± 3") AND AS
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X-I

Clearly there are major problems with riprap drops in the Drainage District. A

significant portion of the problem has to do with materials quality control, gradation,

construction placement, and the lack of measurable or practical standards of quality

control.

-SECTION X

REVIEW OF ROCK SIZING

INTRODUCTION

However, the need also exists for improving the design standard. The present design

standard is based on a safety factor of appr oximatel y 1.0. This sh ould no longer.

be acceptable based on the magnitude of problems experienced, quality control

problems, and the highly fluctuating and significant force fluctuations relative to a

highly varying size of material. Also, the design needs to consider actual hydraulics

on the main crest and down the drop, and incorporate considerations for the trickle

channel.

GENERAL LITERATURE REVIEW

Early research by Isbash (ref. 21) in the 1930's, considered flow over dumped rock

dams which appears to be applicable to this problem. However, these dumped rock

dams apparently had no particular crest control, unlike the Denver drops. On the

other hand, it has value because apparently it was based on prototype situations

rather than being totally based on mO"dels. There is relatively little research on

riprap and boulder drops for grass-lined channels that are similar to the situations

faced in the Metropolitan area. However, there is a relative abundance of research

into the fundamentals which would be needed to even deterministically approach the

problem. The topics include: velocity distribution (ref. 3, 17, 45, 48, 62); roughness

(ref. 2, 3, 10, 17, 45, 48, 49); shear stress and allowable shear stress for noncohesive

materials (ref. 2, 3, 10, 19, 37, 38, 42, 45, 47, 48, 49, 50, 52, 55, 65); and shear

stress and allowable shear stress for cohesive and vegetation covered surfaces (ref.

10, 13, 45, 49, 51, 55).



Recently, there has been research regarding critical shear stress (Shield's parameters)

for larger particles (ref. 4, 42, 48, 65); and roughness/flow characteristics of flow

on riprap surfaces (ref. 4, 12, 47, 48, 51, 52, 57); for sizing channels and rock

linings including effects of bends, and channel sections (ref. 3, 13, 26, 37, 38, 45,

48, 49, 56, 60); for sizing channels and rock linings to also include effects near

channel transitions, and energy dissipation structures (ref. 1, 5, 7, 12, 13, 14, 19,
24, 25, 29, 34, 40, 42, 47).

There are several investigations which explore plunge pools below free fall crests

and culverts, and empiricall y derive relationships on rock sizing and interrelated
scour hole dimensions (ref. 6, 8, 16, 19, 47).

The Soil Conservation Service (SCS) has prepared guidance on sizing channels with

the primary purpose of making grade changes at subcritical flow (ref. 32, 56).

The SCS, Army Corps of Engineers (COE), and the Bureau of Reclamation (USBR),

have done extensive work on reinforced concrete (or equivalent sheet pile) drop

structures that can work with grass-lined channels (ref. 1, 5, 13, 32, 34, 56). The

SCS has done a lot of work with grassed waterways for erosion control (ref. 55),

whereas the COE works more in the area of flood control for urbanized areas (ref.
12, 13).

Recently, investigations on the overflow of embankments, dams, and levees has been

completed. These investigations are oriented toward the prediction of scour location,

amount of scour, and the breaching and effectiveness of various control measures.

It appears that there should be valuable data which can be used to document stable

riprap drop design, however, the work thus far is oriented toward the immediate

problem of embankment overflow erosion (ref. 9, 15, 27, 35, 36, 39).

Work has also been done to explore the mechanics of movement, experiments have

been aimed at measuring pressure distributions and fluctuations, as well as, drag and

lift coefficients (ref. 45, 48, 65). These experiments may lead to a more analytical
approach to the desig"n of riprap (ref. 42, 60).
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The study that the Urban Drainage District and Stevens relied on for their reasonable

approach to sloping loose riprap drops was by Smith and Murray (ref. 52). This was

a model and analytical study of sloping drops where flow over a crest arrives at

supercritical flow, and then transformes through a hydraulic jump to subcritical flow.

It is clearly an excellent study and basically applicable to this problem. The key

weaknesses of applying this study are related to the facts that: 1) it did not

investigate the relationship to a grass-lined channel, and 2) that it investigated

slopes from 4 to 7 percent, where the District uses drops with slopes of up to 25%.

This study will be reviewed further in this section.

Also, more recent studies are indicating that roughness characteristics under prototype

conditions for the typical steeper slopes are generally changed to higher values for

the shallower relative depths of flow, such as that which occurs on the face of

drops (ref. 4). In addition, critical shear stresses at higher Reynolds numbers and

lesser relative depths may be larger (ref. 4, 52, 65).

Another key study by the Corps is "Stabilization of Stream Beds with Sheet Piling

and Rock Sills" (ref. 23), which investigates drops which are submerged by tailwater

to an elevation greater than the critical depth at the crest. This study, which also

included a physical model study, is valuable for rock sizing relationships, hydraulics,

and also because it introduces a practical way to place large rock.

There are several other important papers; particularly by Little (ref. 24, 25), which

give guidance on problems with low drops such as effective energy dissipation, and

troublesome perpetuation of waves downstream. They give guidance on critical

depth, drop height, and Froude numbers which are practical numbers that can be

evaluated by the designer. Facilities are investigiated that mitigate the problems.

It should be very clear that the general area of riprap and the specific topic of

sloping riprap drops are complex. In the case of sloping drops, the significance and

relationship of many of the parameters are not satisfactorily understood. The

utilization of riprap drops should be approached with a great deal of care so that

the designer understands the potential problems, ramifications, and risk possibilities

of riprap and rock for sloping drops.

X-3



HIGHUGHTS CF KEY REFEREf'.CES

There are several references which have information useful to the evaluation of

riprap drop structures, particularly for grass-lined channels, as utilized in the Denver

Metropolitan area. These are presented in an order which builds the analysis approach

utilized in evaluating Denver riprap drop structures.

Simons and Senturk, Sediment Transport Technology (ref. 48)

This reference presents a very thorough discussion of the theory and practical

approaches to the problem of sediment transport, and in the case at hand, the

stability of riprap. Drag, lift, location within a channel, gradation, angle of repose,

and numerous riprap sizing methods are reviewed.

Shear stress imparted on the bed of the stream by the water is generally defined as:

T = Y RS X.I

where

Y = Specific Weight of Water

R= Hydraulic Radius

S = Slope

The force resisting movement is essentially weight for noncohesive materials, and

the Shield's Parameter, F* is the ratio between these at the point of incipient

motion. The critical shear stress and hydraulic radius is noted by subscript c:

X.2

where

'Ys = Specific Weight of Water

d = diameter of the resisting rock
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X.3

A useful diagram is Figure X-3, it illustrates angle of repose for dumped riprap which

is of importance to a. sloping rock drop. There is good guidance in ref. 48 on riprap

gradation, although in a later reference (ref. 51), there are suggestions to reduce

In effect, the Shield's parameter is perceived by this investigation as a lumped factor

which considers lift forces, drag forces, and the fluctuating nature of the pressures

involved. The Shield's Diagram is presented, which gives a variable relationship for

F* as a function of the Reynolds Numbers, which is typicall y defined as:

X.4U* = (g R S)1/2 = Shear Velocity

Yd = kinematic viscosity

where

One critical problem is the determination of incipient motion. Different researchers

use varying approaches. This results in the scatter of data apparent on a Shield's

diagram or the wide variation in design diagrams which, for example, portray required

d50's for critical tractive force (Figure X-I). Many of the efforts extrapolate

laboratory results to determine flow levels (shear) with no sediment movement.

Others may have definitions which allow some movement. Figure X-2 is a superimposed

plot of the Shield's Diagram with Gessler's work, which refined the diagram. Other

research has added information which will be discussed later.

The fundamental problem discussed in the reference, and which is of paramount

importance here, is assigning a Shield's Parameter. They refer to Meyer-Peter and

Muller suggesting a value of .047, but note that "0.06 is most generally accepted".

For Reynolds numbers greater than 500, the Shield's Parameter has been generally

regarded as a constant. However, as will be shown later, several references and

work herein points out that there is apparent variability. They also note that "the

upper limit of R is subject to discussions". The context of the discussion is for

general channel riprap sizing, as opposed to drop structures.
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Stevens derives an equation to consider the safety factor, SF of a particle on sloping

bed (see Figure X-4) as:

and 21 is the inverse of the Shield's Parameter, given in this document as 0.047.

Thus, the investigation for Denver drops uses the equation of this form for various

values of Shield's parameter, F*:

the ratio of maximum d to d50 for large rock. It is usually suggested that the ratio

between dmax and dSO is 2, and between dSO and d20 is also 2. For the large rock,

a ratio of 1.25 between· dmax and dSO is suggested in ref. S1 for steep chutes,

because there are concerns regarding the hydraulic and stability effects caused by

random boulders. A ratio of 1.5 to 1.6 is therefore recommended as a reasonable

ratio because it will allow for stone equivalent to the layer thickness.
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X.4

X.SF* (y -y) dSOs

where

n = 21 T = 21 T

(Ss-l) ydSO (ys-y) dSO

n = Stability factor

n = T

Stevens, Simons and Lewis, Safety Factors for Riprap Protection

This paper (ref. 60), which is also presented in more detail in the above reference

(ref. 48), formulates an approach to safety factors by considering the position on

the bed or bank and the slope. It also considers the relative direction of the flow

and the angle of repose of the rock. Although the derivation of the form of the

equation considers lift, drag and submerged weight of the particle, Shield's parameter

is eventually used as a lumped parameter to consider these forces. The equation

is given essentially as:



X-9

F* (ys- y )cos a (l/SF - tan a/tan ¢ ) X.8

n = cos a (l/SF - tan a/tan ¢) X.7

d50 =

X.6

where

SF = cos 0, tan ¢

ntan¢!.sin a

a = angle between the bed and horizontal

1> = angle of repose of the rock

d50 = yy Se
F* (Ys-y)cosa(l/SF - tana/tan ¢) X.9

For the investigation of Denver drops, equation X.7 was substituted into X.5, and'

rearranged to arrive at an equation for d50:

This equation will be utilized later in analysis of data from Smith and Murray (ref.

52), Bathurst (ref. 4) and Denver case studies.

Stevens presents analysis approaches for banks and other situations, and goes on to

examine safety factors inherent in various design approaches (Bureau of Public Roads,

COE, California Division of Highways, ASCE Task Committee on Preparation of

Sedimentation Manual, Lane and Cambell). This study developes a valuable perspective

on these methods.

The alternative form of this equation is given as:

or in terms of depth y and energy grade line slope Se, assuming y can be substituted

for R in equation X.I.:

I
I
I
I

I
I
I
I
I
I
I
I
II
II
II
II
II
II
II



X-IO

REESE, NOMOGRAPHIC RIPRAP DESIGN (ref. 37)

Reese of the COE has completed basic review of this theory (ref. 38) and has

compiled an interesting series of design nomographs for channel riprap sizing. They

are summarized as follows.
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X.ll

X.12

X.l3

for SF = 1.0

for SF = 1.5

for SF = 2.0

where

Maynard, Practical Riprap Design

Maynard completed this investigation (ref. 26) which compared a Froude Number

Method to other riprap methods, including bend and bank adjustments. The

investigations were oriented toward decelerating flow conditions, for which normal

velocit y distributions were disrupted, thus making application of shear stress equations

difficult (or at least give highly variable results). The equations for various safety

factors of incipient motion given are:

The Froude numbers of the model test varied from 0.44 to 0.62, so application for

higher Froude numbers is unclear. Since there is a question of the reliability of

flow depth predictions in the case of rock drop structures, the related Froude number

may be in error and when CUbed the error compounds. Thus, while the method

appears to have general channel application, it is not proven for the present situation.
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Isbash. This methodology has been applied and developed further by the COE. The

form of the equation - is:

Modified Tractive Force Logarithmic Profile. This is also a similar approach with

a slightl y different logarithmic velocity profile, it is not appropriate for turbulent

flow situations at the drop.

Tractive Force Power Profile. The approach here uses a power function for the

velocity distribution, and again, because of the turbulence of the flow down the drop

it is not appropriate.

X.14

p = mass densi t y

Ub = velocity on the stone, which is commonly taken at mean velocity V

2 2
P Ub = 2 KI

(Ys- y) d50

where

Or iginal Tractive Force Logarithmic Profile. This method fundamentally assumes

Shield's parameter and a logarithmic velocit y distribution. It is of little value here

because the velocity distribution changes rapidly in a drop situation (although it may

have application above the crest). It was interesting because they note that Shield's

parameter varies from 0.027 to 0.06.

and Kr is a constant, commonly taken as 0.86 for high turbulence, and 1.2 for low

turbulence. Interestingly, for the sloping riprap on the drop face, K1 of 1.2 is the

correct coefficient to use. This was the coefficient value derived from his model

and field data for flow down dumped rock dams. Isbash refers to the coefficient 0.86

in the situation where the rock is dropped on the crest of the dam during placement

while water is flowing, where there is little support for the new rock and it is

easily moved (ref. 21).
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Type II is the case where the hydraulics are determined by the riprap roughness.

Type III is dependent on boundary geometry, and is the situation at expansion,

contractions, sills, drops or other turbulent situations. The Froude and Isbash methods
are used for this situation.

Froude Number Method. This and the Isbash approach, of the 5 Corp's methods, are

the more appropriate formulas because the situation at the drop has more of a

uniform velocity distribution. This method is the same as previously described by
Maynard (ref. 26).

Anderson, Paintal and Davenport, Tentative Design Procedure for Riprap "" Lined

Channels. This reference (ref. 3) and an associated follow-up study (ref. 2) were

prepared for the Highway Research Board for design guidance of drainage channels

of less than 1000 cfs. It includes a thorough development of allowable shear stress,

beginning with a theoretical review of lift and drag. Several important relationships
are developed.

This is a useful reference for design of channel rock riprap. It provides nomographs

that consider side slopes, bends, location near hydraulic structures, specific weight,

safety factors and other items. They do express concepts which are useful to

consider in terms of types of flow. Type I is referred to as having upstream

roughness dependance. The concern here, for example, is when a channel with a

smoother liner, say concrete or grass, discharges to a riprap surface. At the

transition point, the tractive force on the riprap may be greater than after the flow

velocity profile has fully developed further downstream on the riprap. The method

assumes that the velocity profile of the upstream section may be useful in sizing

the riprap. This may apply in the approach section of a drop (and may add light to

the problems experienced at the crest of the drops).
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1/6n = 0.0395 d50

First, for roughness, n:
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For small channel design at subcritical flow this is a good design reference (ref. 3).

which then can be used in Manning's equation for determination of friction loss or

normal flow depth.

Critical boundary shear data of many investigators and two equations are presented.

The first is the best fit between the data, and the second is the recommended

allowable shear, based on an envelope line of the data.

X.16

X.17

best fit = 5 d50T

T = 4 d50

The equivalent Shield's parameters for these equations would be .0486 and .039.

Note that the .0486 is essentially the same as the value given by Simons (ref. 48)~

Obviously then, the second equation provides a degree of safety factor, which was

supported by the case studies they followed.

Equation X.16 was developed on data where the relative depth was always more

than twice the d50 and more commonly greater by a factor of 4. The problem with

using any of these values for drop structures is that the relative depth is generally

less and thus different condi tions exist.

The SCS, in Technical Release No. 59 (ref. 56), has provided guidance through the

use of the above equations for sizing rip rap gradient control structures. These are

basically riprap channels which makes a grade change by flowing at a mild slope

(less than 70% of the critical slope). The rock sizing within the channel is

conservative, but there have been problems with channel scour downstream (ref. 32).

For the magnitude of grade change typically required in the Denver area, these

designs are not generally cost effective or practical. It has application to small

rundowns and roadside swales.
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Samad, Analysis of Riprap for Channel Stabilization.

Dr. Samad (ref. 42) reviews and cO\1l>iles much of the pertinent data and approaches

being utilized. The approach taken in the research examines the stability of a single

particle. Deterministic and probabilistic methods are utilized. Data is presented

relating the ratio of lift to drag for various Reynolds numbers. Also, coefficient of

lift is related to angle of repose, thus taking size and shape into consideration.

Determinstic methods are developed which consider the mean dynamic lift pressure

as an indirect function of the Shield's relationship.

The probability of adequacy is developed to provide a less subjective evaluation of

the safety factor. In other words, we may presently assign a safety factor without

understanding what it means in terms of probability. The method has been applied

on bank riprap but needs more research to explore the drop application.

A probabilistic method for sizing is also developed which incorporates the random

nature of dynamic lift pressure acting on a riprap particle. The potential is then

expressed to evaluate the adequacy of riprap through a period of time. This would

have been very useful in the economics evaluation later in this investigation.

The method can potentially be applied to sloping rock drops. However, it faces the

same limited data base problems (e.g., critical shear stress, pressure-time data) that

are encountered for flow down sloping rock drops.

Smith and Murray, Cobble Lined Drop Structures

Smith and Murray (ref. 52) completed flume tests of two dimensional (sides with

vertical glass walls), and three dimensional configurations (sides of the same graded

rock) of thicknesses of rock layers (1.5 and 2 times the mean diameter); slopes (4, 5,

6 and 7%); and three combinations of rock size and gradation.

The profile utilized included a crest wall which was raised slightly above the upstream

channel invert in order to control the upstream drawdown curve. The rock was

placed on top of a prepared subgrade which simulated bedding. At the toe of the

drop a horizontal bed was used.
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where S is the bed slope and y assumes normal depth of flow.

The Shield's parameter for the initial failure point as determined by Smith and

Murray, it averaged 0.072 (0.068 min.; 0.076 max.) for all tests. They recommended

0.060 in order to provide a safety factor. They also expressed a simple relationship

for flow depth, which was at failure point:

Stevens (ref. 58), applied the findings of Smith and Murray in providing design criteria

guidance for the Urban Drainage District. An assumption of normal depth was made,

the Shield's parameters from the study were applied, and as stated in the Draft

Criteria (ref. 63), no safety factor was applied. The Smith and Murray tests were

compiled on slopes of 4, 5, 6 and 7 percent. In reviewing equation X.8, it was

clear that the bed slope would inherently result in critical shear being less than if

the same velocity and depth parameters were encountered on a flatter slope. As

part of this investigation for the Denver drops equation X.9 was applied, with a

safety factor of 1, to adjust the Shield's Parameter to a flat slope. The results

X.18

X.19

y = 0.1 d50/S

y = 0.116 d50/S

and recommended for design

The flow for each test was gradually increased until an initial failure was noted.

Prior to this initial failure, they note that each incremental increase of flow resulted

in dislodging a "few" stones, but that the quantity was insignificant compared to

the total volume of rock. The initial failure is described as a sudden dislodging of

an area approximately 8d50 long at the toe of the drop. Nearly simultaneously,

movement of all rock upstream to the crest occurred. Reportedly, the rearranged

condition was more step like, and comprised of rock mixed with bedding, but many

pieces relocated downstream. This same condition was noted by Oliver (ref. 33).

This rearranged condition was then stable, reportably because the rock was more

interlocked, and flows could be increased until an ultimate failure occurred which

resulted in scouring of the subgrade.
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are given on Table X-I which illustrates a adjusted Shield's Parameter of 0.0765.

The values for all tests are plotted3 on Figure X-2. The higher values appear

reasonable based on the relative depth ratio in Smith and Murray's Model of 1.6 to

2.9 d50, and in accordance with investigations (ref. 65) where relatively larger

objects in flow realize a decrease in the drag (lift).

Table X-I
Smith and Murray Data, and Bathurst Data,
Adjustment3 of Shield's Parameter for Slope

Run No.1 Slope
d50

(ft.)

Assumed
Angle

of Repose

Shields
F* from
Raw Data

Shield's F*
Adjusted
for Slope Reynolds

(M WE) Number

Smith and Murray's

1 .04 .05 35 .9421 .0709 .0752 2,085
2 .05 .05 35 .9274 .0679 .0732 2,041
3 .05 .077 37 .9325 .0691 .0741 3,930
4 .06 .077 37 .9187 .0752 .0818 4,103
5 .07 .077 37 .9049 .0709 .0784 3,992
6 .05 .064 39 .9371 .0703 .0750 3,004
7 .07 .064 39 .9113 .0700 .0768 2,993

Average .0706 .0764

Bathurst

.02 .042 372 .9458 .0920 .0973 881

.05 .042 372 .9325 .1130 .1212 974

.08 .042 372 .8910 .1700 .1908 1194

.08 .125 402 .9018 .079 .0876 6198

Average .113 .1242

1 These runs are for the case where the thickness of the rock equalled 1.5 times d50.
2 Assumed by McLaughlin Water Engineers.
3 The "adjusted values" are offered as a qualitative indication of the change in

Shield's parameter for bed slope and angle of repose. It is not theoretically
proper to plot these "adjusted values" on the Shields diagram because bed slope
is considered in its formulation. The plot of the Raw Data values is not signi-
ficant! y different in this case. A different type of relationship would be more
appropriate to depict the Shield's parameters as a function of the controlling
variables (e.g. relative depth, bed slope, other hydraulic parameters) rather than
Reynolds Number•.
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The Froude No. of the flow upstream of the jump was stated to be less thEm 2.

However, this was determined by calculation rather than physical measurements.

Nevertheless, it was observed in the two dimensional models that the transition

occurred with "little turbulence" and no well formed jump. The basin length was 6

times the downstream depth and was reported to be sufficiently long.

They note that an extra thickness of rock (3 times the mean rock diameter) is

required downstream of the crest so that when movement occurs there is a sufficient

supply of stone and support for the crest wall.

In the three dimensional tests, no particular problems were noted on the side slopes

through the drop. This was attributed to the fact that the hydraulic shear on the

sides was far less than in the middle of the drop, despite the reduced shear resistance

on the sides. At the same initial failure flow, the invert failed and the rock was

rearranged. This did not occur on the side slopes.

Although the drop structure itself was stable in the three dimensional model, it was

noted that problems occurred downstream. These problems included the flow

expansion, eddies, and aggradation from the accumulation of displaced riprap. The

rock aggradation in the basin deflected flow to "the sides of the discharge channel

and resulted in some increased attack on the channel banks beyond the end of the

riprap". Specific guidance on the basin length was not given. This of course is

troublesome for the District's utilization of this drop.

Another fact that we noted was the apparent uniformity of the material used. One

series of tests had a d50 of 0.05 ft, the second was 0.077 feet, and the third was a

mix of the two with a d50 of 0.064 feet. The first two were "relatively uniform

because of the narrow range of sieve sizes".

Unfortunately, specific gradation curves are not given. In reviewing typical gradation

curves for the District and a picture of sample materials in the reference, it appears

that the District's gradation would have a wider range of sizes. Thus, a fraction of

the District's rock would be proportionally smaller than the rock in the laboratory

test and would have more exposure to movement.
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Almost all of the performance characteristics and problems cited in the model study

have occurred in various cases described in Section V. These include: stepped

rearrangement of the chute through the central portion of the drop; general stability

of the side slopes; aggregation of displaced riprap downstream with associated scour

and bank erosion downstream; and, failure with complete removal of riprap,

particularly at locations just below the crest.

Because of the gradation difference described above, the poor quality of materials

provided and placed, and the problems with steeper slopes (described later), the

displacement of riprap in Denver is apparently worse than might have been predicted

from the paper. In the Surface Mining Water Diversion Design Manual (ref. 51)

repeated reference to proper gradation of riprap and bedding layers is emphasized,

including the need for proper gradation below the d50. The COE is referenced on

disturbances and problems with oversized riprap, or pieces greater than the

recommended dl00 and design thickness. It is clear that without a great deal of

care, bedding can be left exposed and smaller pieces of riprap easily dislodged.

Techniques to work with large boulders are described later. The reference (ref. 51)

recommends that on steeply sloping drops that a relatively small variation from the

d50 to dlOO be utilized. The smaller fraction provides good interlocking, filling of

voids, and prevents damage to the bedding. The key point is that Smith and Murray

used a fairl y uniform gradation of rock which seems similar to the recommended

gradation in the reference 51.

The fundamental conclusion from qualitative inspection is that the present extent

of rock movement observed in the field, or even the amount anticipated by the

Smith and Murray "Initial Failure", cannot be tolerated due to its impact on

maintenance costs of the drop and due to the potential damage to the downstream

channel. It is appropriate to review design safety factors in the parameters,

construction specifications, details, design configurations and construction practices

that would relieve the problems occurring in the field.

Oliver, Through and Overflow Rockfill Dams (ref. 33)

This study investigates the form of a dumped rock dam and determines the stable

slope which the rock takes upon rearrangement. The pnenomena described are similar
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Design curves were given which are similar to the form derived later in this section,

but are less conservative. They are derived based on theory, and small model results.

Values are shown for unit discharges up to 200 cfs/ft, which are unrealistically high.

Oliver argues that the rocks rearrange forming a stepped appearance with horizontal

surfaces, and therefore, slope correction similar to that in Equation X.7 is not

necessary. It appears that this is not the case from the Denver observations as will

be discussed later.

X.20for

for R* ~ 105 (or perhaps >105) X.21

and

Oliver regarded the shape and placement of the rock, referring to a packing factor

Pc (Unit Area/Number of Stones times the plan area of the average stone). He

found that the threshold flow could vary from -40% to +80% depending on the packing

factor. This helps to document the need for careful rock gradation and placement.

to that of Isbash (21), and Smith and Murray (ref. 52). A threshold flow is described

in terms similar to Smith and Murrays initial failure point. Two key differences in

the model are the heavy flow experienced through the rock layers and the downstream

transition. Downstream there is sufficient tailwater that the jet stays on the surface

and a reverse current pattern exists which helps stabilize the toe.

References Providing Information on Shields Parameter, Flow Relationships and

Roughness for Conditons Similar to District Drop Structures

Wang and Shen, in their paper "Incipient Sediment Motion and Riprap Design" (ref.

65), describe data from China which they used to extend the Shield's diagram to

higher Reynolds numbers. This is interesting because such conditions are likely at

riprap drop structures. The values are plotted on Figure X-2. They suggest:
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We noted in their data, relative depths to d50 on the order of 10:1 and suspect that

this may allow the higher shear stress implied by X.2I.

In discussion with Dr. Simons, he notes that investigations conducted for the COE

showed an increase in Shield's parameter for laboratory tests of 12-inch stone.

Simons, Li and Associates (ref. 51), provides sizing guidelines for steep channels/drops

for small, shallow flows in a mine environment. Clearly, the required rock size is

as large or larger than the flow depths. The mechanics of flow are different, with

rocks in some areas exposed, while flow cascades around in a highly turbulent,

aerated manner. This design technique clearly has application to drainage rundowns,

and possibly could be extended to the stacked boulder type of drop. Dr. Simons

notes that Bathurst's work (ref. 4), was used in this work.

Bathurst, Hydraulics of Mountain Rivers

Bathurst (ref. 4) has provided valuable research applicable to riprap drop structures.

The slope ranges and part ide sizes are of the same magnitude of the work by Smith

and Murray (ref. 52). Bathurst very thoroughly approaches the analysis of flow

resistance and has insight into the entire area of shallow flow,relative to roughness

elements. His concepts and the investigation herein follow the same philosophies.

The formulation for flow is excerpted in Appendix D for those interested in hydralics.

The complexities are apparent. His equation is a function of: Froude number; width

of flow; d50 size relative to the cross stream axis of the rock; the area occupied

by rock obstructing the flow (more clearly defined in the Appendix); and, a special

function which incorporates the d50 size relative to the short axis, width of flow,

d50 size relative to the cross stream axis, and the standard deviation of the size

of rock. These are parameters that are determinable, but for which the effort was

beyond the scope of this work. It will be useful in further guidance and research

to more accurately estimate flow depths and regimes of flow, and more reliably

estimate energy dissipation, which then is related to refined rock sizing.

His data on Shield's parameter is presented in Table X-I and Figure X-2, after

adjustment as part of this investigation for slope. He specifically points out that
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X-21

the Shield's parameter should be adjusted for slope and thus should be higher than

the value given.

They note that when H/yc is greater than 1.2 a direct jump occurs (which is a more

practical guideline). They suggest that baffles can be used to help dissipate energy,

and suggest a plate ~onfiguration with height of approximately Yc. The baffle pier

is referred to as less effective. Design guidelines are given.

Little and Murphy completed a model study of low drop grade control structures

(ref. 24, 25) which illustrated the value of the depressed basin, although the

practicality and acceptability of the basin depth is questionable for the Metropolitan

region. The key guide was when the critical depth was less than the drop height,

an undular jump with Froude number less than 1.7 and poor energy dissipation (5%)

occurred. Persistance of waves downstream would also result. A specific equation

for the boundary between a jump and undular wave conditions was derived from the

model as:

:..

X.22

Ym = Minimum depth on the face of the drop

Yc = Critical depth

H = Drop height

1m = 0.68(J!) -0.19
Yc Yc

where

Other Guidelines Regarding Drop Height, Flow Depth, "Hydraulic Jumps" and

Downstream Stability

All of the previous references provide useful information in this regard. Simons

(ref. 51) notes that for adequate protection the basin riprap should extend downstream

5 times the tailwater depth. The Smith and Murray discussion of problems with

scour below a 3 dimensional trapezoidal basin are of concern. The conclusion arrived

at in this investigation is that depression of the basin below the downstream channel

invert can be very helpful in dissipating energy and reducing erosion.
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Table X-2

Equivalent Stone Sizes for Bermuda Grass

Linings (Parsons, 1963) from ref. (51)

In review, it seems that using large boulders on stable foundations could be

investigated as an alterntive technique. It is the authors' opinion that the suggested

plates and the basin depth are impractical for grass-lined channels in an urban area.

A healthy vegetative cover downstream of the drop basin can be quite helpful in

minimizing erosion. SLA (ref. 51), presents work by Parsons in comparing equivalent

riprap sizes (Table X-2). In order to provide a healthy vegetative cover, good

drainage (typically provided by a stable trickle channel and channel base), construction
is necessary.

Condition of Bermuda Grass
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Allowable Allowable

Shear Stone
Stress Diameter

(Ib./sq.ft.) (inches)

0.9 2

1.1 2
2.8 5.5
2.7 5.5
3.2 6.5

X-22

Less than 5-inches high.

More than 8-inches high.

Fair st and, short,l dormant

Good stand, kept short, dormant

Good stand, long,2 dormant

Excellent stand, kept short, green

Good st and, long, green

1

2
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Under, Stabilization of Stream Beds with Sheet Piling and Rock Sills

This reference (ref. 23) and the COE (ref. 13) present the background for what has

been nick-named herein as the Derrick Stone Approach. This incorporates two

concepts•

The first, and technically important from a hydraulic perspective, is the case of a

drop that is submerged by channel tailwater during design flows. Figures X-5 and X­

6 present design guidance and energy loss data. Figure X-7 presents an example

design. This work was based on a hydraulic model of structures on the Floyd River,

Sioux City, Iowa. In particular, the structures were for an erodible bed channel,

but are perceived here to provide guidance for submerged drops. Both references

should be consulted for design considerations•

There are several possibilities for scour patterns, both upstream and downstream

depending on the tailwater. For the design flow, if the tailwater dropped significantly

below critical depth on the crest, scour occurred downstream, which undermined the

rock. A fundamental condition is that the high velocity jet over the crest stay on

the surface, which was reported to occur if the tailwater elevation was at least 0.8

of the critical depth at the crest.

The second concept is that of the Derrick Stone itself. Instead of a graded riprap,

large boulders are placed directly on top of a prepared subgrade, arranged to interlock

and minimize voids and displacement of subgrade. Figure V-20 illustrates the concept.

The subgrade is typically prepared of at least two layers, a graded riprap and then

conventional bedding. All layers are designed to provide a complete reverse filter.

REVIEW OF DISTRICT FIELD CASES

There were several cases where drops had experienced flows for which there was

some information in terms of high water marks or flows. The approach used here

was to analyze the hydraulics of the particular flow or design flow, and compare

the provided rock against various results of various anal ysis parameters proposed

herein.
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The flow depth was assumed to be at critical condition for any point along the

crest, and accordingly, the critical velocity was a function of the depth at that point.

Flow at the main crest of the drop is assumed to be flowing at critical conditions,

thus, the critical velocity (Vcm), energy grade line (EGLm), and unit discharge (qm)
are determined as:

The basic concept was to use average section hydraulic analysis to determine the

elevation of critical flow at the crest. Downstream of the crest, a unit width

discharge approach was used where the depth at any given point, particularl y below

the main discharge crest and along the trickle channel. Figures x-a and X-9

illustrate the concept. Figure x-a shows the water surface elevation for critical

conditions, Elev. Crit., determined by normal methods for the entire section. The

critical depth of flow for the main crest is determined as:

X.23

X.25

X.24

X.26

Ycm = Elev. Crit. - Elev. Main

X-27

EGLm = Ycm + ~ + Elev. Main

2g

Vcm = (g Ycm)1/2

Methodology for Hydraulic Analysis

Many of the approaches used in other studies analyze the required rock size based

on hydraulics considering the entire cross-section of flow down the supercritical

portion of the drop. It was hypothesized that this was misleading because the

typical sideslope areas numerically dampen the true hydraulics within the base width

of the drop. Also, since it was becoming apparent that it was beneficial to allow

the trickle channel to carry the inherently deeper flow onto the sloping portion of

the drop, a methodology was needed to allow for separate analysis.
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where 9 is the acceleration of gravity.

Similar equations for the trickle channel, with subscript t instead of mare:
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X.27

X.28

X.29

X.3D

Yct = Elev. Crit. - Elev. Trickle

Vct = (g Yct)1!2

EGLt = Yct + Vit + Elev. Trickle
2g

As can be seen in Figure X-8, this results in a reasonably conservative energy

gradeline across the section. Figure X-9 illustrates that the water surface profiles

downstream can vary until both transitions (the trickle and the main portion of the

drop) to subcritical flow have occurred. It also shows the assumption that the point

of critical flow occurs at the same point (at the crest). Actually, this is not the

case, but the assumption is conservative without having a major impact on rock

sizing as will be seen later. In all likelihood, the unit discharge in the trickle is

less, but not worth any further analytical effort.

Another improvement in this technique is that it does not automatically assume that

the unit discharge in the upstream channel is the same at the crest over the main

portion of the drop. We have noted several cases in the field where they vary. It

does assume that the discharge in the trickle does not vary down the drop and

through the jump. Little flow dispersal is likely through the supercritical portion,

but flow expansion is likely through the jump (although not well documented in the
literature).



Figure x-a
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X-3D

The determination of the jump was accomplished through the comparison of specific

force, F above and below the drop, using the following general equation (add subscript
t or m for trickle or main channel).

The next step in the effort was to model separate water surface profiles down the

face of the drop. A computer program was developed to perform this anal ysis,

determine the location of the jump, and then size the rock based on a variety of
different assumptions.

Methodology for Rock Sizing Analysis

The approach used in the Draft Criteria was to assume normal depth of flow. It

was determined as part of the analysis herein that this would give much larger rock

size for lower drops than appropriate. Also, it gave misleading results when trying

to determine Shield's Parameter. Therefore, flow depths and conditions based on a

water surface profile analysis were used.
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y2

2

F = ~+
g y

Note that on low drops the jump may occur on the face of the drop and one should

refer to references (10, 34) for drops on sloping faces. This was found to have

some effect on rock sizing, but it was generally small. In the case of total

sUbmergence, one should also refer to the submerged drop analysis by the Corps

described previously (ref. 13, 23). We have noted several cases where the hydraulics

are different for various frequencies and thus require both types of analysis. For

example, the Lee Gulch Dam during the lO-year flood cascades down the drop and

forms a jump, but is completely submerged during the 100-year flood.
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Therefore, the correction for drop slope, holding the safety factor to 1.0, was input

per equation X.9. Various Shield's parameters were input, with the approach being

to find the best value that gave dSO values that agreed with conditions of incipient

motion in terms of the dSO observed in the field; or, in the case of failures or

proven stability for a given flow predicted a stable dSO that was greater than or

less than the observed dSO respectively. Four values of F* were used:

Originally in this investigation, uncorrected Shield's parameters from Smith and

Murray (ref. 52), were used without making any special correction for slope, in order

to compare failure or incipient motion that had been observed in District drops.

Actually, this analysis compared favorably with the observations in the field, but

there was concern as to the lack of direct input of actual drop slopes relative to

the angle of repose of the stone, and the shift in Reynolds number from the magnitude

of 24 x 103 to 24 x lOS (or higher).

Figure X-I0 illustrates the predicted dSO values based on the above Shield's parameters

relative to the observed dSO (denoted as "PROVIDED"). Also, a size is given based on

a safety factor of loS and a Shield's parameter of 0.10. Figure X-ll is a similar

comparison utilizing Shield's parameters of 0.10 and 0.0909, both having safety factors

of 1.5. Also, quite interestingly, a plot of dSO based on Isbash's equation (see

equation X.l4) is presented. It appears that the descriptions of flow over sloping

rock dams were close to the situation here, and as Isbash had both laboratory and

field data, it seemed reasonable to temper the choice of parameters.

Which was the Smith and Murray data corrected to a flat slope

Trial value close to a good fit l

Trial value close to a good fit

Value suggested by Shen (ref. 6S)

The odd value comes from a simplified form of equation X.9, dSO = 6.666

y Sel n

0.0767

0.0909

0.1000

0.2S00

1
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COMPARISON OF SHIELD'S FOR DENVER DROPS

D50 BY SHIELD'S d: ISBASH, DENVER DROPS
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Table X-3 summarizes the key analysis. The conclusions here are: 1) that a value

of 0.25 is too high; 2)' the 0.0767 value is probably appropriate for smaller Reynolds

numbers; 3) it appears that the value of .091 matches the data from Isbash and is

a conservat ive judgement when considering the safety factor; and, 4) the slope

correction from Stevens is a prudent step. Figures X-12 and -13 compare the Shield's

parameter of 0.091 and the slope correction with the case of the Isbash equation

only. They illustrate that the effect of steep slope requires larger rock than Isbash's

equation, and smaller rock for flatter slopes. The rough equivalency point appears

to be near a six to one slope. The safety factor, also effected by the slope

correction, is a reasonable approach that should result in structures with liUle

movement. Clearly, utilization of this approach will lead to flatter slopes when

utilizing District graded riprap. Alternatively, the "Derrick" stone type of placement

can allow for greater rock size (and less relative thickness), as indicated in Figure'

V-20.

DESIGN GUIDANCE

The present Draft Criteria should be revised and upgraded. It would appear reasonable

to consider other drop options entirely and dissuade usage of this type of drop,

especially without careful evaluation of all the parameters involved, and acknowledge­

ment by the owner of the risks and problems involved.

Improvement in the design should include incorporation of a trickle channel through

the crest and the drop. Separate hydraulic anal ysis should be made for the main

drop and the trickle channel including determination of unit discharge, water surface

profile anal ysis, and jump anal ysis.

The determination of appropriate rock size should consider the location in the main

drop or the trickle channel, utilize a Shield's parameter of 0.091, and a safety factor

of 1.5 using equation X.9. A conservative value for angle of repose should be used.

All the following graphs herein have used 42°.
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Table X-3
Evaluation of Denver Sloping Drop

Cases to Determine Appropriate Shield's Parameters

Total q
Be8t

Case ~ ~ ~ ~ Comments Conclusions
~17.1 ,Bear Canyon Creek Drop 5 320 11.16 4:1 Only a few rocks moved in this Either .10 or .0909 .0909event. ok, but .0909 would

indicate only small.
rocks would move.13.1 Cherry Creek 1,000 16.04 7:1 The 12-inch stone provided had Isbash value Inclined <.0909little movement at 400 cfs, us to go with .0909

but we suspect would have much or 8maller.
more movement at 1,000.

14.2 Liberty Hili, Tributary 400 21.10 4.5:1 There was significant rock Either .10 or .0909 .0909Georgetown Village
movement during this event ok, as would predict
and scour downstream. failure, Inclined to

go with value near
Isbash.

X 17 Bear Canyon Creek Drop 9 600 22.43 4:1 Massive failure during event. Either .10 or .0909 .0909
I

ok, as would predict
'vi

failure, Inclined to
~

go with value near
J8ba8h.

16 Little Dry Creek, Westminster 2,640 25.18 5.35:1 Smaller rock was moved, there Appear8 rea80nable to .0909are many oversized bouldars go with .0909, but
(poorly placed), ganerally this is not a strongstable. csse.

15 Lone Tree 1,300 29.48 11.5:1 One of the best drops, only The .0767 intersect8 .0767-8light amount of movement with size In field, .0909below trickle that daylight8 but ba8ically stable.of crest. Basically stable,
note that Isba8h call8 for
larger rock.

14 Little Dry Creek 660 32.48 4.5:1 The 88me ca8e, except 14.1 .0909 8hlelds and .0909
14.1 Georgetown

e8timate8 effect of cui- Isbash indicate8
vert backwater submergence 80me movement.of drop. Some movement
noted, but not a failure
like 14.2.

11 Massey Draw 2,085 32.38 4:1 Rock i8 moving Hard to tell becau8e .0909
rock clearly under_
8lzed.

20 Tributary to Englewood Dam 965 47.15 8:1 Rock moving badly and jump Note, Jsba8h indicate8 .0767 -washout indicated. lower value. .090952 South Platte River at 16,400 116.5 10:1 Analyz'ed as conventional N/A N/AOxford
jump for compari80n, In-
dicate8 conservative design.
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Froude number and the relative drop height to critical depth ratio should be checked.

The trickle channel downstream should be utilized to create a depressed stilling

basin for the main jump. Normally, a 1.5 to 2 foot deep trickle is recommended,

which allows depression of the main basin approximatel y 1 foot (with a shallower

trickle channel through the basin).

The trickle channel will create the need for an increase in rock size and the basin

length in the trickle area. As a rule of thumb, we recommend that the width of

heavier trickle rock be 3 times the width of the trickle channel. Also, we would

recommend using large boulders which obstruct the flow of the trickle in the basin,

and if necessary, in the main basin to reduce downstream erosion. Extra care in

adjacent rock placement and foundations for the large rock will be required. This

same recommendation is made for several types of drops, thus, the District and

design engineers are advised to monitor progress and problems so that design guidelines
can be refined.

Figures X-14 to X-IS are design guideline curves which are based on 200 hypothetical

(including Figures X-16 and X-17) case studies on the previously mentioned computer

program. Pairs of curves are given for the main drop and the adjoining trickle

channel, and generally assume a trickle depth of 2 feet (except 1 foot is assumed

for qm<Scfs/ft and 1.5 foot for qm<12 cfs/foot). The analysis has included several
slopes and drop heights.

The depths of the main stilling basins should be 1/2 or more the trickle and are

generall y 1 foot for qm>15 cfs/ft. Slopes should be kept flatter than 6:1 and

generally flatter than 8:1. Because of the trigonometic functions involved with

increasing slope, the slightest change makes a significant difference in rock size

when using steeper slopes. There is some possibility for stacked large boulder drops,

where the rock approaches the drop height. These are experimental at this point

and should only be done with the concurrance of the District and the client.

The jump length for the main basin and the trickle channel should be calculated,

including the usual case in the trickle channel where supercritical flow will usually

extend downstream before the jump begins.
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Derrick Stone

Do Not Use For Drops
Greater Than 6 Feet

60
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Figure X-14

Design Guideline Curve 2 Ft. Drops
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Do Not Use For Drops
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ROCK D50 VS UNIT DISCHARGE, 4 FT DROP

Figure X-I5

Design Guideline Curve 4 Ft. Drops
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and Interpolation Between 4 and 6 Foot Drop

70

Derrick Stone

Do Not Use For Drops
Greater Than 6 Feet
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30

FAMILJES OF SLOPE CURVES, TRICKLE

7ANllJES OF SLOPE CURVES, MAIN DROP

10

ROCK D50 VS UNIT DISCHARGE. 6 FT DROP

ROCK D50 VS UNIT DISCHARGE, 6 FT DROP
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Figure X-16

Information Curve and Guideline for Q(500
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Figure X-17

Information Curve and Guideline for Rundowns Q(500

ROCK D50 VS UNIT DISCHARGE, 12 FT DROP
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The analysis has assumed an angle of repose for the stone of 42 degrees. This should

be reviewed for each design, and specified within a reasonable range.

Figures X-16 and X-17 are presented, largely to allow for guidance in designing

rundowns (channels to carry tributary flows into main channel) for flows less than

about 500 cfs. Also Figure X-16 can be used when drops are between 4 foot and 6

foot. Normally, drops greater than 4 feet should be avoided. In the situation where

a design channel, say of 4 foot nominal depth, had to fall 6 foot total, it would be

preferable for energy dissipation and reduction of downstream erosion to have one

drop rather than 4 foot and 2 foot drops.

Much improvement is needed in details, specifications, and quality control; including

gradation tests, materials, and placement. The concept of dumped riprap is totally

misleading. Realizing that all the relationships indicate that the smaller size fraction

will wash away, it is imperative that the d50 and larger material be placed so that it

is exposed and flush with the surface. The interstices should be filled with rock that

is not likely to be displaced and is as large as possible, and/or securely wedged

between the larger pieces in a mixture of smaller material. The remaining riprap

should act as a reverse filter and a leveling course.

Alternative riprap placement techniques may be feasible, but the owner should be

responsible for maintaining the structure for a period of time until the majority of

rock movement and weak spots have been identified.
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SECTION XI

GROUTED ROCK REVIEW

INTRODUCTION

As discussed previously, seepage uplift is the key force controlling the stability of

grouted riprap. Net uplift forces vary as a function of location, cutoff measures,

drain gallery locations and water surface profile through the basin.

The 200 cases analyzed in Section X provided an opportunity to analyze the uplift

and surface hydraulic forces of grouted rock drops.

FORCES

Figure XI-l illustrates the forces involved. Five basic points were analyzed. Point

1 was approximately 5 feet downstream of the toe, and was selected as the location

downstream of the point where the deflection (turning) force of the surface flow

had occurred. Point 2, was at the toe where the turning force was encountered.

Point 3 varied in location to reflect alternative drain locations. When a drain was

used that was perpendicular to the drop face, Point 3 was located 25% of the

distance up the sloping portion of the drop. When a horizontal drain was used, Point

3 was moved to a location perpendicular to the sloping surface that intercepted the

toe of the drop. Point 4 was 50% of the distance up the drop slope. Point 5 was

the point underneath the grout layer at the intersection of the subgrade under the

crest and the top of the drop.

It turned out that Point 3 was usually the critical pressure location, regardless of

the drain orientation. In some cases, Point 1 had a low safety factor because of

shallow supercritical flow.

Weight of Water

The weight of water is a function of the depth of flow. Thus, the greater the

roughness, the greater. the weight.

XI-l
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XI-3

XI.I

XI.2

= Y Se

Shear Stress

Equation X.I is transformed for unit width and the actual water surface profile.

Bouyant Weight of Rock and Grout

The rock was assumed to project up above the grout layer a maximum of 50 percent

of the grout thickness. On the average, the rock is assumed to protrude half of

the grout depth, therefore, the bouyant weight is assumed to be a function of 1.25

times the grout thickness.

Impact Force

The water flowing down the drop will directly impact any abrupt rock faces. The

assumption made above allows the rock to project 25% of the grout thickness, t g•

An impact coefficient, Ci, of 0.333 was assumed in Equation XI.2 for the impact force.

Uplift Pressure

Lanes weighted creep (see Equation XII.I in the following section), was used to

prorate the pressure differential from upstream normal channel depth or downstream

normal channel depth, relative to the water head over the toe drain (the water level

of the surface flow over the drain). Thus, it can be seen by examining Figure XI-l

that there can be troublesome pressure differentials from either upstream or

downstream when there is shallow supercritical flow. As noted in reference 50, one

may consider a downstream cutoff. It is also possible to have other weep locations,

as long as the proper creep ratio is provided. This is particularly true for flatter

slopes.
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Turning Force

At Point 2, a turning force impacts the basin as a function of slope change. Basically,

this was a positive force countering uplift and causing no great stress .in the grouted

rock.

Friction

With net vertical weight, it was assumed that there would be a horizontal force

resisting motion. A coefficient of 0.5 was used, and multiplied by the net weight

to determine the friction force.

Frost Heave

This value was not computed, but should be considered. The general thicknesses of

grout recommended herein should not be significantly affected, but this should be

monitored.

ANALYSIS

All of the above forces were resolved into vertical and horizontal components. The

horizontal components were small and capable of being resisted by the strength of

the grout and rock (generally less than 1 psi). When problems occurred in various

trials, they were generally a result of net vertical instability at Point 3. If a

horizontal drain was used, the location under the sloping face perpendicular to the

toe would be unstable, while other locations had a Safety Factor generally greater

than 1.3. If a perpendicular drain to the toe was provided, Point 3 would be

unstable, while other locations generally had a safety factor greater than 1.3•.

Conclusion

It was concluded that a large toe drain was generally needed as shown. With the

toe drain provided, the analysis illustrated that the design would be stable (safety

factor ~ 1.3) with the flow depth vs. grout thickness relationship shown in Figure XI-2.

Figure XI-2 can be used as a design guideline for grout thickness. The rock should

nominally be 150% of the grout thickness, with the minimum being 133% of the grout

thickness. This recommendation assumes a specific gravity of 2.65, thus curves

would have to be developed, or forces checked for lesser specific gravity. This
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analysis was performed assuming a contiguous trickle channel and it was found that

the same recommended thicknesses were adequate. The depth to enter the table

with respect to the main channel, is the nominal channel depth (not critical) upstream

of the crest (basically the flow depth in the channel upstream of the cutoff and

above the drawdown curve)•

The critical design factor is seepage cutoff. It is readily seen that underflow could

easily lift a major slab of rock and grout; depending upon the exposure, the surface

flow could cause further undermining or displacement. If seepage is not cutoff such

that the uplift pressure exceeds those determined by Lanes Weighted Creep Method,

then this relationship is not valid.

Regarding slope, the main problem was with regard to hydraulics. Generally, 4 to 1

or flatter should be used. Steeper structures are feasible but require more analysis.
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SECTION XII

DESIGN GUIDELINES

INTRODUCTION

Design guidelines are discussed in this section to assist the engineer in addressing

critical design factors. They are based upon the evaluation of the drops inspected

in the field and serve to highlight improvement recommendations.

Five major categories are described to present design guideline recommendations and

illustrate typical structural characteristics.

TYPES OF DROPS

The first structure type considered is the vertical riprap drop (VRR), which was

originally presented by the UDFCD, 1982 (ref. 63), and Stevens (ref. 58). It is

slightly modified here to include a trickle channel. The second and third designs are

an improved sloping large, riprap drop (SLR) and a grouted sloping boulder drop

CGSB). The rock size, grout layer depth and basin configurations for these two types

of structures are based on rock sizing criteri a described previously, combined with

water surface profile and weighted creep computations for seepage. The fourth type

is the USBR Baffle (Apron) Chute (BC). The fifth structure category is a vertical

face hard basin (VHB), which is a composite design based on several existing structures.

Considering only these five drop structure types is not meant to be an exhaustive

comparison, or in any way prohibit other possible designs. The intent is to provide

a framework for evaluation which includes these principle design categories. Many

material substitutions, proposed alternatives, design modifications, or a combination

of designs ma y be viewed in context of the design guidelines presented herein.

General Procedure

The design procedures presented herein are generalized. The designer should use

these guidelines to identify the most suitable approach, with the understanding that

detailed analytical methods and design specifications may vary as a function of site

conditions and hydra~lic performance. A standard drop structure design approach

would include at least the following steps:

XII-l



1) Define the maximum design discharge (usually the IOO-year) and other discharges

appropriate for analysis (e.g. trickle flows, 2 year or other discharge expected

to occur on a more frequent bais).

2) Select possible drop structure alternatives to be considered (Sections XIII and
XIV provide guidance).

3) Establish the channel hydraulic parameters, reviewing drop and channel

combinations that rna y be the most effective.

4) Determine the required longitudinal channels slope and the total drop height

required to produce the desired hydraulic conditions.

5) Apply separate hydraulic analyses to the main channel drop and the trickle

flow zones to determine the extent of protection required, as well as, the

potential problems/solutions for each. This approach is discussed in Section X

(Refer to Figures X-8 and X-9, and related text).

6) Perform soils and seepage analyses to obtain structural design information.

7) Use specific design criteria to determine the drop structure dimensions, material

requirements and construction methods.

Drop Selection

The selection of the type of drop structure is flexible and may include: land uses,

cost, aesthetics, maintenance or other considerations. A primary concern should be

achieving functional hydraulic performance.

Any grass-lined channel or sandy channel will establish some kind of equilibrium (or

at least a range) over time. The point of drop structures is to establish grade

changes such that excessive degradation and aggradation does not occur. Therefore,

the design of the drops should begin only after an assessment of what constitutes

stable grades for existing natural channels, and/or after an assessment of improved

XII-2
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channel options. There are also trade offs between drops and channel lining options

which allow for steeper gradients•

Planning must include provisions for other site grading problems and concerns. It

is often desirable to incorporate drainageways and drop structures into open space

and park planning. There are numerous references on these matters (3, 11, 13, 18,

19, 23, 31, 32, 47, 48, 49, 50, 51, 53, 54, 55, 56, 66).

Crest Approach Analysis

With control at the drop crest, upstream water surface profile computations are

used to estimate the Jistance that protection should be maintained upstream; that

is, the distance to where localized velocities have acceptable values. Backwater

comput.ations also yield the maximum upstream flow depth which is necessary to size

wall abutment and bank heights•

As part of this analysis the critical water surface elevation at the crest will be

determined. This elevation is important to the following steps.

The higher shear stress created by smoother linings should be taken into consideration

when sizing riprap. One can look at any of several approaches, but Reese (37)

presents nomographs that may be more readily used.

Water Surface Profile Analysis for Drop Structures

Separate water surface profile computations should be performed using the trickle

and main channel unit discharges from the crest of the drop through the hydraulic

jump (see Section X).

Supercritical water surface profile computations should be performed to predict the

location of the hydraulic jump. This information is critical to determine the required

length of the basins necessary to contain the jump. It should be apparent that

higher trickle channel flows will most likely require extended protection in the

trickle zone, which should be integrated into the structure design.

XII-3



The designers should stay abreast of research and practical results of designs which

use this approach. In the case of rock and grouted rock basins, the key concept is

to use the rougher surfaces to dissipate residual energy~ and in many cases, large

boulders may be used as baffles to dissipate the stronger jet in the trickle channel

and adjacent area. The entire subject of jumps in trapezoidal sections is subject

to further development (ref. 30, 44, 52). For a given discharge there is a balance

between the crest base width, upstream and downstream flow velocities, and the

Froude number in the drop basin. These parameters ma y be optimized for specific

applications; however, crest width constrictions generally result in unreasonable basin
length requirements.

Water surface profile may be accomplished by the "Standard Step Method" (Chow,

ref. 10), or any equivalent method suitable for unit discharge computations. This

investigation found for reliable profile analysis down the face of the drop that it took

4 to 5 increments, with 2 smaller increments at the crest. An example of a jump

location computation sheet is shown in Table XII-I. The standard step method was

adapted to spreadsheet software and additional columns were formulated for specific

force (F) per equation X.31, and Froude number (NF) computations for each increment.

The Froude number is useful for considering the type of jump which may be expected.

When the Froude number is less than 1.7, an undular jump is likely to form which

can persist downstream and produce localized, high velocity erosion problems. See

Equation X.22 and references (24, 25). Design configurations should be optimized

to avoid this potential condition.

The best estimate of the desired basin length is between 3.6 and 6 times the tailwater

depth, with 5 to 6 being the most advisable, and longer with erosive soils depending

on the nature of the jump.

Seepage Analysis and Control

A variety of seepage evaluations may be applied. The most common technique is

that proposed by E.W. Lane, 1935, (ref. 67) commonly referred to as "Lane's Weighted

Creep Method". The essential elements of this method are paraphrased (ref. 7) as
follows:
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I

========================================================================

========================================================================

========================================================================

Nf

4.46
4.16
3.89
3.65
3.43
3.23
3.05
2.88
2.73
2.58
2.45
2.33
2.21
2.11
2.01
1.92

Hv

13.150
11. 975
10.950
10.051

9.255
8.547
7.913
7.340
6.822
6.350
5.920
5.524
5.166
4.842
4. 547
4.279

F1= 29.44
F2= 21.31

F1

29.44
28.20
27.08
26.06
25.12
24.27
23.48
22.75
22.08
21. 45
20.87
20.33
19.84
19.39
18.98
18.60

v

27.747
26.478
25.320
24.257
23.277
22.369
21.523
20.730
19.985
19.281
18.617
17.983
17.391
16.837
16.317
15.828

Specific Force F

R

1.14
1.19
1.24
1.30
1.35
1. 40
1. 45
1. 50
1.55
1. 61
1. 66
1.71
1. 77
1. 82
1. 87
1. 93

13.0
0.02
1.20
5.48

E

14.35
13.23
12.27
11. 42
10.69
10.04

9.46
8.95
8.49
8.08
7.71
7.38
7.08
6.82
6.59
6.39

A

54.06
56.65
59.24
61. 84
64.44
67.06
69.69
72.36
75.06
77.80
80.57
83.41
86.25
89.09
91. 93
94.77

H act

14.351
13.264
12.327
11.515
10.807
10.187

9.641
9.158
8.730
8.349
8.010
7.707
7.436
7.192
6.971
6.772

h=
D=

Y1=
Y2=Yn+1=

Y

1. 20
1. 26
1. 32
1. 37
1. 43
1. 49
1.55
1. 61
1. 67
1. 73
1. 79
1. 85
1. 92
1. 98
2.04
2.11

0.003
0.02
1.1

3.25

H est

14.351
13.264
12.327
11. 515
10.807
10.187

9.641
9.158
8.730
8.349
8.010
7.707
7.443
7.212
7.010
6.835

h£

Sum dx

0.000
1. 088
0.937
0.812
0.708
0.620
0.546
0.483
0.428
0.381
0.339
0.303
0.271
0.244
0.220
0.199

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0
110.0
120.0
130.0
140.0
150.0

So=
n=

alpha=
Yc=

dx

0.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.00

mean SfSf

Q= 1500
Hd= 12.0
b2= 45
qc= 33.33333

1.201
1.289
1~377

1. 464
1.552
1.640
1.729
1. 818
1.908
1. 999
2.091
2.184
2.277
2.370
2.463
2.556

trial Z

Table XII-l

Backwater Calculation by Standard Step Method

Vertical Drop in Rectangular Channel

Distance to Hydraulic Jump

Backwater calculation by Standard Step Method
Vertical Drop in Rectangular Channel
Distance to Hydraulic Jump

XII-5

========================================================================

0.117063
0.100485 0.108774
0.086849 0.093667
0.075534 0.081191
0.066050 0.070792
0.058033 0.062041
0.051205 0.054619
0.045328 0.048267
0.040260 0.042794
0.035846 0.038053
0.032001 0.033923
0.028612 0.030306
0.025680 0.027146
0.023133 0.024406
0.020908 0.022020
0.018957 0.019933
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XII-6

Care must be exercised to insure that cutoffs are properly tied in at the ends

so that the water will not outflank them.

Reverse filter drains, weep holes, and pipe drains are aids to security from

under seepage, and recommended safe weighted-creep head ratios may be

reduced as much as 10 percent if they are used.

Th e upward pressure to be used in desig n ma y be estimated by assuming that

the drop in pressure from headwater to tailwater along the contact line of

the dam and foundation is proportional to the weighted-creep distance.
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XII.I
Cw = LH + 3 Lv

3H

Cw = we ighted creep ratio

The weighted-creep distance of a cross-section of a dam is the sum of the

vertical creep distances (along contact surfaces steeper than 450), Lv' plus

one-third of the horizontal creep distances (along contact surfaces less than
45°), LH.

The weighted-creep head ratio is defined as:

where

The values in Table XII-2 should not be exceeded.

(1)

(2)

(3)

(5 )

(4)



masses.

Table XII-2

Material Ratio

Lane's Weighted Creep: Recommended Ratios

They are also important for sloping riprap, as the crest is the last line of defense

when rock movement occurs. Locating cutoffs upstream of the crest and using

horizontal impervious blankets can be effective. It is also very important to control

lateral seepage around the structure. (H should be calculated as the elevation of

the crest minus the e.}evation of the bedding subgrade just downstream of the crest.)

8.5

7.0

6.0

5.0

4.0

3.5

3.0

2.5

3.0

Medium clay 2.0

Hard clay 1.8

Very hard clay or hardpan 1.6

Seepage is controlled by increasing the seepage length such that C w is lowered to

a conservative value. Soils tests must be taken during design and confirmed during

construction. These tests are especially critical for reinforced concrete and grout

structures.

An applied example of this technique can be found in the USBR "Design of Small

Dams" (ref. 7), on pages 341-342. Seepage considerations should be included in the

design of cutoff walls, wall footings, drains, filters, structural slabs, and grouted

Very fine sand or silt

Fine sand

Medium sand

Coarse sand

Fine gravel

Medium gravel

Coarse gr avel including cobbles

Boulders with some cobbles and gravel

Soft clay
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Common Variables

The following guidelines have several common variables. In the direction of flow,

the longitudinal profiles for all drops share a few common features. Each has an

approach length (La), a crest or cutoff wall which varies in height (Hcw) depending

on the drop height (Hd), and other factors. A face length (Lf)' either vertical or

sloping at ratio (zf), a basin length (Lb) which may be level with the channel

downstream or depressed as noted, and an amount (B) relative to the downstream

channel invert. In the cross-section, there is a channel base width (b), trapezoidal

side slope (zs), channel depth of normal depth (Yn) plus one foot freeboard, and the

corresponding top width (T at Yn+l). Channel lining in the drop section is either

concrete, rock of depth (Dr) placed on a bedding layer (Db), or grouted boulders with

a grout depth (Dg). With these common characteristics established, the particular

design features may be identified.

XII-8
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VRR - VERTICAL RIPRAP DROP: UDFCD CRITERION, 1982 (SEE FIGURE XII-I)

a. There is no base width constriction in the drop. The apron length is determined

by using backwater water surface profile calculations.

b. The crestwall is a structural retaining wall which is buried at least 3 feet

below the level of the rock bedding layer in the drop basin. A trickle channel

is carried through the wall. The top of the crest wall should not extend above

the upstream invert elevation. The trickle slab should be tied to the structure

and consider wall movement.

c. Crest wall and footer dimensions are determined by conventional structural

methods. Underdrain requirements are determined from seepage analysis.

d. Flow energy is dispersed in the loose rock basin which is depressed below the

downstream invert elevation.

e. There is a transition length downstream of the basin to gradually bring the

basin level to that of the channel downstream.

f. Separate analysis of rock sizing and basin depression should be made for the

main drop and the trickle.

g. A contingency factor of 25% to 50% should be applied to the rock depth in

areas of erosive soils since experience has shown that basin rock rearrangement

can cause collapse into the basin center.

h. With the preceding amendments, the basin length, depression depth, transition

length, and rock sizing are defined. The following discussion is adapted from

ref. (58) by Stevens who prepared the guidance document used by the Urban

Drainage District in "Design Criteria for Riprap Drop Structures" ref. (63). The

design is essentially that which was developed and model tested by C.D. Smith.

The structure iq an adaption ofthe reinforced concrete vertical drop structure

to smaller heads and drop heights.

XII-9
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3bl= ZONE OF HEAVIER ROCK
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where Elev. Main is the elevation of the main crest.

The head on the crest is the level of the energy gradeline above the crest of

the drop. The crest wall height above the main channel is given by the equation:

The plunge pool is a deep bed of rock riprap initially placed level across the floor

of plunge pool and extending downstream.

XII.I

XII.3

XII.2

XII.4

XII-ll

Hm = EGLm - Elev. Main at the main crest

Lb = 4H + 0.25D

EGLt is defined by Equation X.29.

Ht = EGLt - Elev. Trickle

where the EGLm is defined by Equation X.25.

where

The wingwalls (Figure XII-I) are required to direct the flow coming along the

sides of the approach channel into the plunge pool. The width of the crest is

the same as the bed of the approach section. The height of the wingwalls

above the main crest is:

The wingwalls must extend below the depth of excavation for the plunge pool and

must provide an adequately long seepage path to prevent piping. Separate anal ysis

at the trickle channel is required.
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XII-12

The desired drop across the structure is the difference in the bed elevations of the

approach channel at the weir and the downstream channel at the end of the structure.

Let this difference be Hd' It follows from Figure XII-l that

To obtain an adequate cutoff, the depth of the vertical wall that forms the weir

crest must extend below the bottom of the excavation for the riprap. Therefore,

Smith's view is that it is usually uneconomical to design a scour depth d
s

any greater

than 0.30. To meet this limitation in the field it is necessary to: increase the rock

size dSQ; decrease the jet plunge height D (by using more drops); decrease H (by using

a wider structure); or, to use another type of drop structure.

The designer must find the combination of rock size and jet plunge height D that

gives a depth of scour which balances Equation XII.5. The relation between rock

size dm, jet plunge height height D, head on the weir H and depth of scour d
s

is given

in Figure XII-2. As these values will be different in the main drop and the trickle,

the design dSO and/or ds will vary. This assumes that this is an appropriate

extrapolation of the modeling work, which would appear reasonable if the trickle

and adjacent areas are treated conservatively.
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XII.S
Hd = D - 0.67ds

The first flow over the weir falls on initially flat rock bed and begins to form a

scour hole. The rocks removed from the scour hole are deposited in the area

between the scour hole and the beginning of the downstream channel. With substantial

flow or a repetition of flow, a mound of stones forms downstream from the scour

hole. The mound is an integral part of the energy dissipating structure and must

be maintained. This is achieved by initially placing the top of the stone bed below

the downstream channel bed, by an amount equal to two-thirds of the scour depth d
s

at the design discharge. The scour hole must be allowed to develop by natural

means and generally should not be performed.
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The side slopes in the basin must be riprapped also as there are strong back currents

in the basin. A sand and gravel or cloth filter is required under this riprap. The

side slopes in the basin should be the same slope as for the downstream channel (but

no steeper than 4 horizontal to 1 vertical per District guidelines).
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NUMBERS ON CU RVES ARE VALUES OF Y2/0
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Curves for Scour Depth at Vertical Drop
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SLR - SLOPING LARGE RIPRAP DROP PER SECTION X (SEE FIGURE IU-J)

a. Determine trial layout and rock sizing; see Figures X-14, X-15, and X-16 for

guideline values.

b. According to Section X determine unit discharge in trickle channel and on

main crest.

c. Compute water surface profile analysis on the face of the drop and in basin

below (see Figures X-8 and X-9). Compute separately the main drop and the

drop through the trickle channel using Manning's n according to Equation X.15.

Use the roughness value to compute friction loss in hydraulic analysis. Do not

assume normal depth (practically requires computer program).

d. Determine the location of the hydraulic jump. If tailwater is greater than the

crest elevation, consider COE approach (ref. 13, 23; see Figures X-5, X-6,

X-7). Normally, the controlling velocity, depth and energy grade line slope

parameters reflect conditions at the toe of drop. The jump is usually located

at the toe or on the face of the main drop. The trickle flow travels downstream

in the basin before the jump occurs. From the point where the jump is initiated,

it appears that a length of 5 to 6 times the tailwater depth is appropriate.

This should be reviewed for each case.

e. Using Equation X.9, iterate the acceptable solution for d50 based on verification

of reasonable assumptions for trial d50, and the angle of repose of riprap (see

Figure X-3).

f. Guideline values may be determined from Figures X-14, X-15, and X-16 but

they are based upon: the angle of repose equal to 42°; other assumptions for

trickle depths (2 foot in the channel, 1 foot in basin); and basin depression (l

foot) as described in Section X. If required d50's are different than the

original assumptions, the entire process has to be repeated until they are equal.

XII-15



g. Use of the guideline values in Figures X-14, X-15, X-16 and X-17 should be
tempered with the following:

i) Slopes flatter than six to one are inherently much safer. In Equation

X.9, the safety factor is adjusted by a trignometric function which rapidly

increases the required sizing and shows more sensitivity to errors in slope.

ii) The maximum graded riprap specified by the District has a dSO of 2 feet.

Basically, use of this riprap will involve flatter slopes.

iii) If conditions arise where steeper slopes or larger dSO are required, the

Derrick stone placement approach has merit. But this will involve special

placement of large boulders to match surfaces and minimize voids. Place

well graded riprap in the remaining voids so that it is interlocked and

cannot be moved. The stacked boulder approach is similar and viable.

The key guideline is to have each boulder step such that the upstream

boulder is half way below the top of the downstream boulder and the

voids are filled with material that is not easily displaced.

iv) Figure X-16 is provided for the case where a 4 to 6 foot drop is
unavoidable.

v) Figures X-16 and X-17 provide guidance on discharges less than SOD cfs

for drainage swales, rundowns, etc. The designer is also referred to ref.

S1 for similar steep channels.

vi) One can shift from the main drop family of curves to the trickle channel

family of curves (subject to the condition of the same trickle/basin depths).

The flows given at each location are in pairs, thus, if one calculates the

main drop unit discharge, the trickle unit discharge can be interpolated

based on the proportion that the value is between adjoining values on
the main drop curves.

XII-16
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h.

i.

j.

k.

Evaluate the stability of the jump below the main drop and through trickle

channel. If further depression of the basin is not feasible, consider using large

boulders that protrude into the flow (ideally as much as 0.6 to 0.8 Yc as in

Be drops, but this may be difficult to achieve), and creating a couple of bends

in the trickle in order to dissipate energy.

Boulders in horizontal basins can be evaluated based on the velocity just

upstream of the jump and by using the Isbash Equation (X.14). Normally, Kt
is take n as 1.2, but should be assumed to be 0.86 because of high turbulence

and reduced interlocking. All adjoining rock should be large with care taken

to fill all voids with interlocking riprap and provide a subgrade comprised of

riprap and bedding (the effects of this initial recommendation should be

monitored). Alternatively, smaller boulders may be considered with the provision

of utilizing grout to interlock the rock to subgrade in these high turbulence

areas. (Do not leave the grout high as the intent is to have roughness, and

it would not be aesthetic.)

The heavier rock at the trickle channel should extend laterally so that there is

a width of heavier rock equal to 3 times the base width bt of the trickle

channel. This is an estimate of what might be needed to stabilize the rock

against the diverging/converging flow conditions. Stacked boulders, stepped in

a ledge like fashion in the trickle and carefully arranged (and placed with

adequate riprap to fill voids and provide subgrade), is a recommended approach.

Absolute minimum thickness of rip rap is loS dSO, with 2.0 dSO at the crest

(see Figure XIII-3). Generally, the height of the rock on the banks should be

critical depth for the main drop Ycm plus 1 foot.

Very conservative bedding should be implemented. At minimum use I2-inches

of material that is tightly matched to the riprap above it. The quarry gradation

test of the riprap should be matched with an actual gradation test for the

bedding, and the bedding with the subgrade. Other approaches may eventually

prove superior, such as complete gradations within the riprap provided, but

this was not observed in this literature review.

XII-17



1.

m.

n.

The crest approach should be devised as described in the introductory remarks.

There is no contraction or sill (it only aggrades anyway), and the upstream

protection LA can be longer (e.g. 15 to 25 feet).

Improved specifications should be utilized and enforced. A sample of a draft

specification is provided in Appendix B. Provisions should be made for

adjustments and repairs to the rock work, especially in cases where there are
jump problems.

The owner should be appraised of the potential problems, especially that the

forces involved are random and that localized pressure fluctuations can suddenly

dislodge rock. Movement is inevitable, but is dramatically accelerated and

magnified in quantit y by weakness in analysis, design, material, construction
and inspection.

XII-I8

II
I

II
I:
II
I
I

­.,,
I,
I
I
I
I
I

il
il

.11·;·
:. :.: -.-:~-

.JI



HEAVIER ROCK EXTENDS
DOWNSTREAM IN
TRICKLE CHANNEL

L trickle

~ TOP OF RIPRAP BANK

3bt

SECTION "A"

XII-19

PROFILE

La

LARGER PROTRUDING BOULDERS TO I
HELP DISSIPATE JET AND HIGH
DISCHARGE, ADJACENT ROCK TO BE
CAREFULLY PLACED. I

Figure Xll-J

SLR - Sloping Large Riprap Drop

LATE'lAL
CUTOFF
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LIMPE"'.VIOUS
BACKFILL

HCW
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GSB - GROUTED SLOPING BOULDER DROP (SEE FIGURE XU-4)

a. The upstream apron has 8-10 foot length of grouted boulders and must cover

the area from the crest upstream and over the cutoff. Further distance may

be required to control the drawdown velocities.

b. The vertical cutoff is located upstream of the crest a minimum of 5 feet.

Locating the cutoff further upstream is helpful to seepage control. Analysis

of specific site soils and evalution of seepage is critical. The vertical cutoff

can be constructed by excavating a "clean" trench and backfilling with concrete,

sheetpile, or concrete slurry walls. Other techniques include: overexcavation

of a zone and replacement with compacted impervious clay with or without

cutoff walls; concrete cutoff walls with clay backfill taking great care to

compact along the wall surface; and impervious liners in a trapezoidal trench
filled with clay.

c. The trickle channel continues through the entire drop section, typically 1 foot

deep, except at the transitions back to the grass-lined channel and the crest

where it is 2 foot. The trickle channel protection extends past the main

channel protection as determined by the separate hydraulic analysis. In the

depressed basin, larger boulders and trickle channel meanders can be used to

dissipate the jet and associated energy.

d. Grout thickness tg, is determined based upon a minimum safety factor of 1.3

(see Section XI). Figure XI-2 presents a guideline curve.

e. The rock generally considered are large boulders (d >2 ft.) which are carefully

placed to create stepwise drop and trickle sections. The rock size in all

directions is 1.33tg minimum, with many pieces being 1.5 t g (see Section XI).

f. The main stilling basin is depressed, typically a foot, in order to stabilize the

jump. An analysis of the jump is essential. A row of boulders is located at

the basin end to create a sill transition to the downstream invert elevation.

XII-20
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GROUT VOl D SPACE
TO SUBGRADE

Figure Xll-4

GSB - Grouted Sloping Boulder Drop

LARGER PROTRUDING BOULDERS
TO DISSIPATE JET AT
HIGHER .

OUTLINE OF PROJECTING
BOULDER DOWNSTREAM
60% TO 80% OF Yc

HORIZONTAL (2% SLOPE) AND
PERPENDICUI,.AR WEEP DRAINS
(BOTH ON ~O CENTERS:r ACROSS
THE DROP.)

DRAIN MATERIAL BETWEEN WEEP
PIPES,AND ACROSS THE DROP FACEPROFILE

PLAN

SECTION-A

LATERAL CUTOFF

EXCAVATE 12" MIN. TRENCH}
AND BACKFILL WITH CONC.
OTHER OPTIONS POSSIBLE',
BUT CUTOFF ESSENTIAL.
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g. The selection of face slope is largely a hydraulic matter related to jump

stability. Generally, do not use slopes steeper than 4:1 without extensive

analysis. Concerns regarding the length of the basin are similar to those
expressed for the SLR drops.
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BC - BAFFLE (APRON) CHUTE - USBR DESIGN, Xll-5 (REF. 34)

a. Maximum design q is 60 cfs/ft, optimal performance is at 35 - 40 cfs/ft.

b. An upstream channel transition section with vertical wing walls constructed

45° to the flow direction causes flow to contract approaching the rectangular

chute section.

c. The transition is followed by a concrete rectangular flow alignment apron,

typically 5 feet in length. Entrance velocity V, should be as low as practical

or VI = (gq)1/3 (see Figure XII-6).

d. The chute section (baffled apron) is concrete with baffles of height (H) equai

to 0.8 to 0.9 times critical depth. The chute face slope is 2:1 for most cases,

but may be reduced for low drops. Baffle pier width should be between 1.0 to

1.5 times H, and spacing between rows should be 2 times H.

e. Four rows of baffle piers are required to establish full control of the flow,

although fewer rows have operated successfully. At least one row of baffles

are buried in riprap where the chute extends below the channel grade. Rock

protection, assumed here as Type M, continues from the chute outlet to a

distance of approximately 4 H at a depth of 1.75 feet, or as necessary to

prevent eddy currents from undermining the walls.

f. Upstream transition and apron side wall height is as required by backwater

analysis. Chute side walls are recommended to be 3 times the baffle height.

g. There are lower basin wing walls constructed normal to the chute side walls

at the outlet to prevent eddy current erosion at the drop toe. These transition

walls are of a height equal to the channel normal depth + 1 foot and length

sufficient to inhibit eddy current erosion.

XII-23



h.
All concrete walls and footer dimensions are determined by conventional

structural methods. Cutoff walls and underdrain requirements are determined
by seepage analysis.
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BC - Baffled (Apron) Chute
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20 30 40 50
DISCHARGE IN CFS PER FOOT OF WIDTH = q

Figure XII-6

Recommended Baffle Pier Heights and

Allowable Approach Velocities (ref. 34)
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i.

j.

The trickle flow channel should be maintained through the apron, approach and

crest sections. It may be routed between the first row of baffle piers. The

trickle channel should start again at the basin rock zone which should be

slightly depressed and then graded up to transition to the downstream channel

and focus on low flows to the trickle.

Figure XII-7 illustrates details of one concept to take the trickle channel

through the crest.

Also shown is the layout of a hard stilling basin, used in Tulsa because of

significant problems with vegetation and nuisance conditions that grows in

riprap profusely.
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BASIN DEPRESSED USING
1/2:t OF TRICKLE DEPTH

RECTANGULAR TRICKLE --"\--j---1Wb;J
BETWEEN BAFFLES

INVERT DAYLIGHTS
BEFORE NEXT ROW

Figure VII-7

BC - Example Baffle (Apron) Chute Details for

Trickle Channel and Hard Stilling Basin
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VHB - VERTICAL HARD BASIN (SEE FIGURE XD-8)

a. Many alternative designs, variations and different combinations of materials

may be grouped into this basic design category. The SCS Manual (ref. 54) is

useful for all concrete structures t although adaptations are necessary for the

trickle channel and low flow controls. Other concrete configurations are
feasible (see Section IV).

b. The rock lined approach length ends abruptly at a structural retaining crestwall

which has a nearly rectangular cross-section and trickle channel section.

c. Crestwall and footer dimensions are determined by conventional structural

methods. Underdrain requirements are determined from seepage analysis.

d. Chow (ref. 10) makes a brief presentation for the "Straight Drop Spillway"

which applies here. Separate analysis would need to be undertaken for the

trickle channel area and the main channel area as discussed previously. Add

subscript t for the trickle channel area and subscript m for the main channel

area in the following equations. The drop number Dn is defined as:

XII.7

At the condition of a hydraulic jump that immediately occurs at the point

where the nappe hits the basin floor t the following variables are defined as:

Ld!Yf =4.3 DnO.27
XII.8

yp/Yf = 1.0 DnO.22 XII.9

Yl/Yf = 0.54 DnO.425
XII.IO

Y2/Yf = 1.66 DnO.27 XII.11
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e.

f.

g.

h.

These variables are indicated on Figure XII-B.

Ld is the length from the crestwall to the impigement of the jet on the floor t

yp is the pool depth under the nappe downstream of the crest, Yl, is the flow

depth on the basin floor just below where the nappe contacts the basin and YZ

is the required tailwater depth to cause the jump to immediately occur.

In the case where the tailwater does not provide a depth equivalent to or

greater than YZ the jet will wash downstream at supercritical flow until its

specific force is sufficiently reduced to allow the jump to occur. This requires

a Water Surface profile analysis. And because there are two general locations

to check, there is another iterative step because any change in tailwater

effects the stability of the jump in both locations.

The basin floor elevation is depressed a depth variable with drop height and

practical for trickle flow drainage. It is constructed of concrete or grouted

rock. Either would have to be evaluated for the hydraulic forces and seepage

uplift.

There is a sill at the basin end to bring the invert elevation to that of the

downstream channel and side walls extending from the crestwall to the sill.

The sill is important in causing the hydraulic jump to form in the basin.

Water surface profile calculations indicated base widths of the rectangular

crest which are less than that of the channel, produce high flow velocities

requiring unreasonable extensions of both the basin length and upstream rock

protection. Roughness in the basin area can reduce the basin length required

to contain the hydraulic jump, which is an advantage of the grouted rock shown

here.

Large boulders and meanders in the trickle are shown to help dissipate the

jet, and rock is extended downstream.
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-----.;TACKED 3'-5'
BOULDER WALL
CHINK VOIDS FROM
BEHIND, lZ"MIN, TYPE
L RIP RAP AND BEDDING
IFILTER MATERIALI

SECTION-e

SECTION-A

LARGE BOULDERS ALONG
TRICKLE {.6 -.BYel

TRICKLE
CHANNEL

Z' CiROUTED ROCK WITH WEEPS
(lB GROUT, 1Z BEDDINGI

PROFILE

I
LARGE BOULDERS AND
MEANDER IN TRICKLE TO
DISSIPATE JET

A 8
DENOTES LARGER ROCK WITH
VERTICAL TRANSITION -STACKED BOULDER WALL

FigureXn-a

VHB - Vertical Hard Basin Drop
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SECTION xm
COST CONSIDERATIONS

INTRODUCTION

The preceeding survey of existing drop structures in the Denver area illustrates the

tremendous diversity in construction methods and design approaches which have been

applied. In many cases, the specific site requirements may dictate the direction of

drop structure design to be taken.

Cost effectiveness and present worth cost analyses are useful tools for screening

alternatives. There is a temptation to simply look at the costs of projects in place.

However, several problems arise from using case history records for cost comparisons.

Hydraulic performance is frequently difficult to evaluate since many existing prototype

structures may not have been tested by a high intensity, low frequency flood event.

When cost records are available, it is often impossible to separate the drop structure

costs from other project site work. Bidding summaries may not represent the actual

costs incurred and are usually oriented to a site specific bias from which it is

difficult to directly ascertain cost data.

The following cost analysis is intended to provide some projected economic guidelines

which may be adjusted to specific situations and combined with other decision factors

to assist the design engineer in selecting an optimal approach.

METHODS

A standardized model design procedure was employed to reduce the inherent

uncertainties and create an equitable basis of comparison between structural design

alternatives. Typical design configurations were developed for several types of drop

structures which could be compared over a range of sizes and design flows. This

process consisted of the following stag es:

1. Delineation of the evaluation matrix of structure design types, channel discharge

range and vertical drop height ranges to be considered.

XIII-1



2. Establishment of the theoretical hydraulic parameters present in the drop and

adjacent grass-lined channels for the design discharge range.

3. Formulation of the structural design parameters to allow computations of the

corresponding material quantities required for each drop size in the valuation
matrix.

4. Compilation of the material quantities and application of unit costs to calculate

estimated capital costs for each case considered.

5. Identification of approximate maintenance costs and computation of the present

worth for each configuration.

The five basic drop structure designs outlined in Section XII were evaluated in this

cost analysis. In addition to these, the sloping face, loose riprap design discussed

in Section V was included. Critical dimensions for this design (herein denoted; SRR)

were directly intepreted from UDFCD design critiera (ref. 63). Refer to Figure V-I

for the SRR drop and the figures in Section XII for the other conceptual layouts.

Model designs were developed to represent the average or typical structure so that

costs could be estimated. The following paragraphs are intended to outline the

premises used in the cost estimates. While the "synthetic" designs developed for

this analysis follow the basic design criteria, they should not be used as a substitute
for proper design procedures.

Evaluation Cases

Channel flow discharges of 500, 1500, 3000, and 7500 cfs and drop heights of 2, 4,

8, and 12 feet were considered as the basic size matrix. This matrix range

encompasses the common design range needs and is within the practical limitations

for grass-lined channels of the Front Range area. Combinations of 500 cfs, 2 ft.

drop (smallest) and 7500 cfs, 12 ft drop (largest) were the matrix extremes. A "base

case" of 1500 cfs and 4 ft drop height was identified to be the most common or
typical structure configuration.
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XIlI-3

The present UDFCD criteria for grass-lined channels allows a maximum flow velocity

of 7.0 fps and a maximum flow depth of 5.0 feet for erosion resistant soils. To

establish a comparative standard, a slightly more conservative normal depth of 4.5

feet and maximum velocity of 7.0 fps were assumed to determine the channel

dimensions. Table XIII-1 presents those dimensions.

Water surface profile computations were performed in both upstream and downstream

directions to determine the maximum flow depth, velocity and jump location for

different channel and drop structure configurations. A channel constriction was

assumed only in the Vertical Hard Basin (VHB) and Baffle Chute (BC) designs. The

Vertical Hard Basin (VHB) had a transition to rectangular shape at the crestwall.

A slight base width constriction was configured into the BC design to produce a

typical entrance unit flow of 40 - 43 cfs/ft.

Channel discharge; ft3/sec.

Channel base width; ft.

Mannings roughness coefficient

Channel invert slope; ft/ft

Normal flow depth; ft.

Average flow velocity; ft/sec

Unit discharge = Yn * Vn
Critical depth at crest; ft.

=
=

=
=

=

=

=
=

Table XllI-l

Standard Channel Hydraulic Parameters

Q b n So Yn Vn q Yc

500 20 .035 .003 3.49 4.22 14.73 2.29
1500 45 .035 .003 4.48 5.32 23.83 2.97

3000 85 .030 .003 4.44 6.57 29.17 3.21
7500 225 .030 .003 4.43 6.98 30.92 3.19

Q

b

n

I
I
t
I
I
I
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Basin lengths, face slopes, trickle protection lengths and rock sizing were determined

for the improved sloping loose rock drops, (SLR), and grouted sloping boulder, GSB,

designs using the preceeding design criteria. Both SRR and VRR riprap designs

were configured per UDFCD design criteria.

All of the structural wall thickness and footer dimensions were estimated with

assistance from structural engineers. Free standing walls were assumed to be buried

3 ft. below the rock excavation level. Excavation was assumed to be the cross­

sectional channel area plus riprap and bedding depth carried through the drop section.

Excavation for walls and footings was added to this according to the design.

Analysis Technique

These design criteria were formulated into spreadsheet software and expanded to

cover the evaluation matrix. Sixteen different configurations (combination of drop

heights and discharges) for each of the six design categories were evaluated.

Quantities of major construction materials were computed for each configuration and

then compiled into quantity summaries. Examples of quantity calculation sheets for

the Be and GSB "base case" configurations are shown in Tables XIII-2 and XIII-3.

The calculation format derived for the other structure designs is varied somewhat

depending on specific design requirements.

Simplifying assumptions were made to allow direct comparison between different drop

structure designs. Only costs directly associated with the drop structure were

considered; no embankment grading, channel lining or any other site work on the

upstream or downstream channels were included in the calculations. Quantities of

graded rock, sized boulders, grout, concrete and excavation were determined based

on the design and sizing parameters. Only these five primary costs were considered;

other costs were assumed to be relatively minor, and were neglected. Extraordinary

labor, specialized equipment, training or expert consultation costs were not included.

Deficiencies in hydraulic performance for certain designs have been discussed

previously and these problems are reflected in the maintenance cost estimates.
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========================================================================

========================================================================

========================================================================

Concrete Quantity computations:
Hb = 3.08 ft Wb = 3.85 ft (USBR criteria)
Rows of Baffle Plers = 3.7 rows
Baffle Piers / Row = 4.5 piers

Total Volume in Baffles = 701.04 ft3

h = 6.0 ft = Height above crest from backwater
Lt = 29.00 ft Th = 10 in
Lwt= 41.01 ft Hwt= 9.00 ft Awt= 891.13 ft2
La = 5.00 ft Hwa= 6.00 ft Awa= 60.00 ft2

~

Lf = 22.72 ft Hwc= 9.24 ft Awc= 419.84 ft2
Lwb= 29.00 ft Hwb= 12.24 ft Awb= 659.30 ft2

Volume in Side Walls = 1691.89 ft3

Aa = 220 ft2 Af = 1110.02 ft2 Acw= 390
Volume in Chute Floor = 1433.35 ft3 Th = 10 in

11.13
42.86
5.77
7.38
5.55

Vc=
qc=

E=
Yn=

Ya =

2.00

4.00

Zf=

Zs=

1500

0.035

Rectangular chute:
b2= 35 ft
Yc= 3.85 ft
A2= 134.75 ft2
P2= 42.70 ft

Backwater Max

n=

Q=

5.32
23.84
4.92

80.84
93.00

Vn=
q1=

E=
T1=
h =

4.00

0.003

USBR Baffle Chute Design

Table Xm-2

Grade Control Drop structure Evaluation

So=

Trapazoidal channel:
b1= 45 ft
Yn= 4.48 ft
A1= 281.88 ft2
P1= 81.94 ft

T1 at Height

Drop Constants:
Hd=

",
W,
"11

11
II
II
II
II
II
II

22.59 ft

15 ft
1312.50 ft3
3272.58 ft2

=
=

=

Transition rock length
Volume in Transition
Volume in Chute Basin

II
II
I,"" Total Rock Volume Estimate = 4585 ft3

,------------------------------------------------------------------------

Total Concrete Volume Estimate = 3826 ft3

111------------------------------------------------------------------------
Rock Quantity Computations:

Type "M" Rock min. depth = 1.75 ft
Lb = 8 x Hb = 24.64 ft Ls =

• Excavation Quantity Computations:"I Ae1 = channel Section; b1 for (Yn+1)+Dr+Db =
Ae2 = Apron Section; b2 for (Yn+1) + 1ft =
Ae3 = Chute Section; b2 for 3Hb + 1ft =

614.74 ft2
237.76 ft2
376.88 ft2

30087 ft3=

XIII-5
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4.00

4.00

7.16 ft
0.00 ft

Zf=

Zs=

538 ft3

789 ft3

2759 ft3

1.75 ft depth
5 ft

0.50 ft depth
22.59 ft

36172 ft3

=

Dr + Db = 696.81 ft2
Crest = 696.81 ft2
= 572.98 ft3

1500

0.035

Q=

n=

Grade Control Drop structure Evaluation

Sloping Face, Grouted Boulder Type Drops

Main Channel Trickle Channel
Wb1= 84.19 wt= 6.00 (MWE Criteria)
Wb2= 84.19 (MWE Criteria)

Lb= 17.90 Lb= 53.30 (MWE Criteria)
Dr= 2.66 Dr= 2.66 (MWE Criteria)

Volume = 9283 ft3 1227 ft3

Total Boulder Volume Estimate = 10510 ft3

Hew = ( B + Dr + Db + 3 ) = Hew=
Wcw = Foot Width = 0.00 x Hcw = wcw=
Acw = Cutoff Surface Area = 645.75 ft2

Total Concrete Volume Estimate

Type "M" rock on approach section =
Loose rock approach length = La =

Total Rock Volume Estimate =

Total Excavation Volume Estimate =

GSB2

Input Variables:
bl= 45 ft b2= 45 ft
Yn= 4.48 ft Vn= 5.32 Yc= 2.97 ft Ve= 8.88
Al= 281.88 ft2 q1= 23.84 A2= 168.93 ft2 qc= 26.37
P1= 81.94 ft E= 4.92 P2= 69.49 ft E= 4.19

So= 0.0030

Table XllI-3

========================================================================

XI II-6

====~===================================================================

Boulder Quantity computations: Basin B =
Lf= 18.55 ft Ls=

Drop Constants:
Hd= 4.00 ft

Total Grout Volume Estimate =

Rock Quantity computations:

Grout Quantity Computations:
Note: Grout Fills 35\ Rock Void space to a Depth of .75 x Dr
Grout Depth D9 = 2.00 ft

------------------------------------------------------------------------
Excavation Quantity Computations:

Ae1 = Sectional Area at (Yn+1) +
Ae2 = sectional Area at the Drop
Extra Excavation for Trickle

Concrete Quantity computations:
10 inch Cutoff Wall thickness



Unit costs were based on recent project proposal records and information provided

from material suppliers. Refer to Table XIII-4 which includes the unit price schedule

used in this analysis.

Table XIII-4

Unit Costs

All Amounts in 1986 Dollars

Rock "M" 30.00/ton Grout loo.oo/cu.yd.

Rock "H" 30.00lton Concrete 300.00/cu.yd.

Rock "VH" 35.00/ton Excavate 2.50/cu.yd.

Boulders 40.00/ton

Conversions: 1.8 ton/cu.yd. 27 ft. 3/cu.yd.

Prices include closely related materials and routine labor such as: gravel bedding

and placement included in loose rock costs; structural forms and reinforcement with

concrete; pumping and settling work with grout; and sizing and placement for boulders.

Excavation volumes calculated were conservative to allow for backfill in some areas.

These unit prices were applied to the quantity summaries along with conversion

factors to produce the capital construction cost for each structure design and

configuration evaluated.

UDFCD has determined that loose rock drops should be constructed no higher than

four vertical feet due to stability problems. Vertical drops greater than four feet

raise safety concerns in urban areas, therefore, the eight and twelve foot drop

configurations for these structures were considered as multiples of the four foot

drop costs cost.

Maintenance Costs

Maintenance costs were difficult to determine due to the random nature of flooding

occurances and the limited length of records available. Maintenance was defined

as routine, restorative and rehabilative depending on the type of work necessary to

sustain or improve the appearance, safety and function of the structure. Major

XIII-7



categories of maintenance work were identified to be: replacement of displaced rock;

earthfill of eroded areas; removal of debris, graffitti removal; repairs to structural

members; and removal of silt entrapped in the drop basins. The specified time

related cost criteria varied accordingly:

1. Rock Replacement: A one time restorative cost occurring at the tenth

year based on estimated rock displacement volume and field experience.

2. Debris Removal: Routine annual maintenance estimated for the typical

"base case" and proportioned by discharge and drop height.

3. Erosion Backfill: Periodic maintenance every ten years estimated for the

"base case" and proportioned by discharge and drop height.

4. Graffiti Removal: Periodic maintenance every ten years. The initial

estimate based on the exposed surface area and proportioned by the design

discharge range only.

5. Structural Repairs: Engineered estimate based on the concrete volume

and repair average for all structures; 2% failure occurring at the fifth

year, and 1% due to wear at the 25th year.

6. Silt Removal: Periodic maintenance every ten years estimated for the

"base case" and proportioned by discharge and drop height.

For evaluation purposes all maintenance costs were considered to be average expected

values, recognizing that structures may vary widely in the amount of maintenance

required. Costs were estimated for the typical "base case" of 1500 cfs and 4 foot

drop height through a combination of practical experience, engineering expertise and

cooperative effort between MWE and UDFCD personnel. Values for this case were

proportioned to derive the cost estimates for other size configurations.
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Present Worth Analysis

All maintenance costs were converted to present worth (PW) amounts by applying

the appropriate discount rate factors. Table XIII-5 contains the maintenance cost

estimates for the base drop configuration and the present worth costs derived using

a 5% discount rate.

A great deal of controversy surrounds the selection of discount rate for use in

economic studies, particularly when public funds are involved. Public capital

expenditures cannot be depreciated against taxes the way private capital outlays

are. Federal government agencies use a rate based on the 15 year moving average

bond return, constrained to a maximum rate change of 0.25% in any year. The

federal rate was 8-5/8% as of October, 1986. This computation method has a

tendency to lag the real growth rate, especially during years of high inflation.

Disparities between the projected discount rate and prevailing return rates have

created funding projection problems for public agencies. In an effort to deal with

this problem some state agencies have adopted a rate based on the real return on

equity for a certain long-term economic analysis. Recently, this rate was reported

to be within approximately 2% net bond return or 3% paid to debt service.

James and Lee (ref. 68) have defined: "The ideal discount rate would achieve a rate

of capital formation maximizing total social welfare". This conceptual definition

points out the goal of flood control improvements but gives little assistance in

selecting an optimum rate.

For these reasons, a sensitivity approach was taken regarding discount rate selection.

A range of discount rates were applied to the maintenance costs. The present

federal rate of 8-5/8% and the low rate of 2% were compared as boundary conditions.

An intermediate rate of 5% was incorporated into the total cost comparisons. The

design life was held constant; equal to 50 years for all alternatives evaluated.
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MWEUSBR

Baffle Vertical
Chute Hard

BC VHB

MWE

4 ft
1500 cfs
5.00 %

50 years

Grouted
Boulder

GSB

Hd =
0 =
i =
N =

MWE

Large
Rock

SLR

UDFCDUDFCD

sloping Vertical
Rock Rock

SRR VRR

vertical Drop Height:
Design Flow Discharge:
Discount Rate:
Project Design Life:
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Table XIH-5

Drop structure Evaluation
Maintenance cost Computations

Maintenance
Category

Design
Reference:

========================================================================

Replace Rock: One time cost at tenth year

cost $12,547 $2,965 $2,648 $2,500 $459 $1,952

net PW $7,703 $1,820 $1,626 $1,535 $282 $1,198
------------------------------------------------------------------------

Debris Removal: Annual Maintenance

cost $100 $100 $100 $90 $115 $90

net PW $1,826 $1,826 $1,826 $1,643 $2,099 $1,643

Erosion Backfill: Periodic every ten years

cost $1,000 $400 $500 $200 $200 $200

net PW $1,451 $581 $726 $290 $290 $290
------------------------------------------------------------------------

Graffitti Removal: Periodic every ten years

cost $0 $200 $0 $0 $240 $200

net PW $0 $290 $0 $0 $348 $290

silt Removal: Periodic every ten years

cost $0 $150 $150 $150 $0 $150

net PW $0 $218 $218 $218 $0 $218
========================================================================

Total Net PW: $11,105 $5,440 $4,541 $3,798 $3,811 $4,026

Total Net AW: $608 $298 $249 $208 $209 $221

structure Repair: Fail at fifth year, Wear at 25th year
fail 2% $134 $758 $157 $120 $850 $415
wear 1% $67 $379 $79 $60 $425 $208

net PW $125 $706 $146 $112 $792 $386
------------------------------------------------------------------------

========================================================================
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A secondary cost comparison was made illustrating an optimization procedure whereby

the lowest cost (optimal) design of three possible VHB designs was selected for

inclusion in the overall cost analysis. The three conceptual designs essentially

compared different treatments of the basin area. The first case, designated VHB2,

is an all concrete basin with side walls connected at a height equal to the top of

the crestwall at one end, and decreasing in height to the level of the concrete sill

at the basin end. The second design, VHB3 is very similar to the first, except the

basin side walls are lower at the crestwall end to equal the channel condition of

normal depth Yn, + 1 foot of freeboard. Lower side walls require a wider crestwall

to allow grading up from the side wall top to the crestwall end. The last configuration

compared, VHB4, has a modified basin area consisting of grouted boulder floor and

basin end sill. Basin side walls are constructed of stacked boulders, sufficient in

height to contain the tailwater depth at the crestwall and reduced to one row at

the sill end (Figure XII-B). The crestwall was then sized long enough to permit

embankment grading from the boulder sides to the wall ends. Water surface profile

computations proved the basin length could be reduced considerably if the floor

roughness was increased from a Mannings' "n" of 0.02 for concrete to 0.04 for large

grouted rock. This configuration was found to have the lowest estimated capital

cost of the three.

COMPARISON RESULTS

The results of the capital cost comparison are summarized in Table XIII-6. Values

are in 1986 dollars, relevant to the Denver/Front Range area. Capital cost information

may be helpful in estimating construction costs, however, these results should not

be used for alternative selection decisions. Unit costs may be adjusted by refering

to the quantity summary Tables in Appendix C. Table XIII-7 contains the results of

the vert ical hard basin comparison mentioned previously. It is feasible to adapt this

information to consider material substitutes, design changes or hydraulic configura­

tions as a means of design refinement. For example, the effect of using sheetpile

or timbers in the cutoff wall could be examined by replacing the concrete component

cost with substi tute material formulas, then expanding over the size matrix. Careful

attention should be directed toward the model assumptions when incorportaing these

results into further· studies.
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BC VHB
Baffle Vertical
Chute Hard

GSB
Grouted
Boulder

Initial Construction
Capital Costs

SLR
Large
Rock

VRR
Vertical

Rock

SRR
sloping

Rock

Drop structure Evaluation
Capital Cost Comparison
Drop Configurations: Hd vs Cost

note: Loose rock and vertical drops greater than 4ft height are
considered as multiples of the 4ft drop structure cost.

========================================================================

Q = 500 cfs
Hd = 2ft $15,300 $22,017 $20,889 $20,028 $29,587 $18,363
Hd = 4ft $18,032 $45,867 $32,226 $24,638 $31,950 $27,583
Hd = 8ft $36,064 $91,734 $64,451 $33,170 $36,678 $55,166
Hd = 12ft $54,097 $137,601 $96,677 $40,829 $41,405 $82,749

------------------------------------------------------------------------
Q = 1500cfs
Hd = 2ft $37,712 $41,189 $41,675 $40,828 $49,992 $30,274
Hd = 4ft $44,376 $71,714 $63,847 $49,151 $54,470 $44,113
Hd = 8ft $88,751 $143,428 $127,694 $74,437 $63,426 $88,226
Hd = 12ft $133,127 $215,142 $191,542 $89,755 $72,382 $132,340

------------------------------------------------------------------------
Q = 3000cfs
Hd = 2ft $69,032 $58,064 $75,020 $73,583 $79,116 $50,477
Hd = 4ft $81,257 $100,654 $109,628 $86,779 $86,725 $70,760
Hd = 8ft $162,513 $201,308 $219,256 $112,512 $101,943 $141,521
Hd = 12ft $243,770 $301,962 $328,885 $134,398 $117,161 $212,281

Q = 7500cfs
Hd = 2ft $152,108 $117,597 $156,908 $157,574 $182,923 $109,524
Hd = 4ft $185,768 $199,560 $223,717 $184,373 $199,926 $152,363
Hd = 8ft $371,536 $399,119 $447,433 $237,310 $233,930 $304,726
Hd = 12ft $557,304 $598,679 $671,150 $282,594 $267,934 $457,090

------------------------------------------------------------------------
Reference: UDFCD UDFCD MWE MWE USBR MWE
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Table Xill-7

In populated urban and residential areas the vertical drop
is a safety concern. For these areas four fee't drop is
the maximum permitted height and the 8 and 12 foot drops,
should be regarded as multiples of the four foot drop cost.
In this compa~ison costs for the higher drops were computed
for a single structure so that possible cost trade-off

XIII-13

Simplified concrete design with basin chute walls full
height of the crestwall drop.

= Simplified design with basin side walls only as high
as channel depth; crestwall expanded to grade.

VHB3

11----------_._------------------------------------------------------------II Reference:

VHB2 =

II
VHB4 = Simpl1'fied design as above wi th grouted rock basin and

II ---------_:~::_::~~:~_:::::::_:::~:_:::_::_::~:::::_~:::::::~ _
II Note:

II
I points could be identi£ied.:1 . _

'I
I

-.. ========-=========~;:~:=~~~;;~;:=;;~~=;~;:;:;:=;~:i::~;~~=======-=====-=

vertical Hard Basin Design Comparls1onJI ====================;~;;==============;;;;========.======~;;===========

, ---------------------------------------------_._-------------------------
'1 Q = 500

I Hd=2 ft $19,168 $22,240 $19,441
Hd=4 ft $32,630 $39,938 $28,955

, Hd=8 ft $55,654 $71,436 $51,197

]I--~~::~~~----------~~~~~~:_---------~:~:~~~~-----------~~~~~~~----------
Q = 1500

J
Hd=2 ft $36,055 $37,863 $32,147

, . Hd=4 ft. $61,991 $68,018 $46,521
Hd=8 ft $110,583 $124,806 $77,842
Hd=12ft $151,269 $172,632 $111,499

}·I-----------------------------------------------------------------------~
Q = 3000

Hd=2 ft $61,105 $63,488 $53,777

II' Hd=4 ft $108,719 $115,849 $74,928
Hd=8 ft $194,856 $210,617 $121,824
Hd=12ft $254,889 $277,300 $167,901

J .
------------------------------------------------------------------------

I Q = 7500
Hd=2 ft $132,2'65 $134, 269 ~$116, 647
Hd=4 ft $227,519 $233,969$161,521
Hd=8 ft $393,196 $408,161 $250,092
Hd=12ft $519,992 $542,264 $343,916



Equivalent worth and sensitivity analyses were employed in the maintenance cost

comparison. Equivalent worth methods are useful when attempting to evaluate

alternatives which have different costs occurring at different times and intervals.

The sensitivity of projected maintenance costs to discount rate change is displayed

in Figures XIII-1 and XIII-2. Shaded bar sections in these figures indicate the

present worth (PW) costs discounted at 8-5/8% while the full bar heights reflect

PW costs at 2%.

The differential in costs produced by these rate extremes gives an indication of the

total funding shortfall potential if a rate disparity of this magnitude were to occur

in projections. Even though it is not likely that a constant disparity would persist

for the entire 50 year design life, the reasons for funding concerns are apparent.

Drop structure designs with high maintenance requirements are less desirable;

therefore maintenance costs should be a decision factor in alternative selection.

The total present worth costs of the six drop structure designs were compared over

the discharge and drop height matrix. The results of this comparison are illustrated

by bar charts in Figur.es XIII-3 and XIII-4. In these figures total costs are represented

by the full bar heights, while the PW maintenance costs at 5% and capital cost

components are represented by the dark and light regions respectively. All values

are in terms of 1986 dollars.

Discount rate was shown to have a significant effect on PW maintenance costs,

however, the PW maintenance cost component appears to be minor relative to the

capital costs for all but the largest loose rock extremes considered. It is evident

that even discounting at 2% would produce little additional change in the overall

cost effectiveness ran kings.

Direct interpretation verified some of the trends which were anticipated. Less

structural, simple drop designs are relatively inexpensive at smaller sizes. Conversely,

the baffle apron drops are more cost effective for drops over 8 feet. The VHB

design appears to be favorable for smaller low drops. Grouted boulders GSB, and

Baffle Chute, BC, are more cost effective for higher, large structures. Loose rock
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drops are prohibi tive at the higher drop sizes due to the 4 foot height restriction.

In fact, they are only cost effective at the smallest application extremes due to

relatively high maintenance costs.

There is great concern about the assumed probability of ongoing problems with SRR

drops, and to some degree with the improved SLR drop. It is re-emphasized that

these riprap drops have an unavoidable tendancy for continual rock movement and

associated maintenance problems. Maintenance costs were estimated (ref. 43) since

an extensive scientific probability study was beyond the scope of this project. If

there were strong continued interest in riprap structures it would be advisable to

undertake this type of investigation.

These cost effectiveness comparisons may be applied to help screen drop structure

alternatives which are similar in design to those considered in this study. Figures

XIII-3 and XIII-4 are useful for comparing costs within one of the four design

discharge levels evaluated. Charts may be used together to interpolate values for

structure configurations which are intermediate in either the discharge (channel

width) or drop height directions. Interpolation may also be accomplished using the

data tables in Appendix C. The overall total cost position relationships are more

clearly displayed in Figure XIII-5 which has all bars drawn at a common scale.

When alternative costs are very close together, secondary decision criteria should

be considered. It is important to remember that the values presented here are only

the hard costs associated with the structure. Secondary decision factors such as

local availability of materials, ease of design and construction, safety, aesthetics,

or risk failure are also important.

To convert the matrix of alternatives into economic efficiency, the total PW costs

were divided by the corresponding drop height and discharge to yield: PW cost/cfs/ft

of drop. These concepts may appear to be somewhat abstract but have important

practical consequences since they are a measure of relative value.

Several economic relationships are illustrated in Figures XIII-6 and XIII-7. In Figure

XIII-6 the efficiency related to drop height is compared for the 6 alternative designs.

XIII-17
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Each group of curves represents a single discharge level. Conversely, Figure VIII­

7 displays economic efficiency related to discharge contrasting 5 designs while each

group of curves is at a fixed drop height. There are many ways to interpret this

information. The graphs provide assistance in interpolating the costs of intermediate

configurations. This would involve direct interpolation from either graph or two

dimensional interpolation using both graphs. A second application deals with trade

off considerations between designs. The cost equivalent cross-over point can be

seen for several configurations. This may be valuable information, however, the

most interesting results may be interpreted from the trends illustrated.

Scale economy trends are evident in both the drop height and discharge directions.

Refering to the first graph (Figure XIII-6), it is apparent that scale economy with

increased drop height occurs in every case except one. The SRR design at 500 cfs

actually becomes more expensive with increased drop, probably due to high

maintenance requirements. Also, it can be seen that the efficiency is level beyond

4 ft. for the designs which have a 4 ft. vertical height restriction. In other words

scale economy ceases at 4 ft. for these designs and progresses for the other design.

The smallest baffle chute (BC) is very expensive at $31/cfs/ft., whereas the greatest

value is realized for the GSB and BC designs (near $3.50/cfs/ft.) at the 12 ft., 7,500

cfs configuration. The general cost relationship trends are important. The slopes

of the curves are extremely steep between 2 and 4 ft., then gradually diminish

approaching the 12 ft. size. This indicates that a significant savings may be realized

by considering a single large drop over constructing a series of smaller structures,

when right-of-way and grading permit. Two foot drops are not cost effective relative

to the 4 ft. sizes. When the undular jump problems and risk failure are considered, 2

ft. structures appear very undesirable and should be evaluated carefully.

The second graph illustrates continuous scale economies in every case. The 4 ft.

vertical drop contraint is seen by the fact that the last three curves (4, 8, 12 ft.)

are identical for these designs. Once again, the greatest scale economy occurs in

the first increment, although in this case, it is the change from 500 cfs to 1,500

cfs. This indicates that a margin of safety is worthwhile to consider in channel

design since the cost relationship is non-linear and has significant economies of scale.
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This investigation illustrates that Baffle (Apron) Chute Drops (BC), are the best

value. Vertical Hard Basin and Grouted Boulder Drops, as described, are still in

somewhat of a developmental phase, although there are many basically successful

examples. Further research, testing and design refinements are appropriate so that

their inherent value may be realized. Refinements to be explored on these basins

include dissipation of jet from the trickle channel area and energy dissipation in

low drops and/or shallow tailwater conditions.

In the VHB drop, the use of large boulders as a retaining structure and the actual

grout thickness requirements for the grouted rock basin will need monitoring and

refinement. There is some potential to derive a combination of these structures,

"Stacked Grouted Boulders" which is worth pursuing because of potential cost and

aesthetic considerations. The mechanics of flow are different which would require

further development and testing. Seepage control would also need to be explored.

Generally, riprap drops have a risk of high maintenance costs, and probably will be

more expensive on a capital basis when the design improvements suggested herein

are implemented. They appear to be appropriate only for unusual applications by

specialists in sediment transport, and then, only after specific site studies. They

are not compatible with the time and effort normally available for development

projects.

CONCLUSIONS

Economic information is likely to evolve as further experience is obtained. This

cost comparison may be used for preliminary screening between alternative drop

structure designs which are clearly di fferent in cost. When alternatives considered

compare closely using this criteria or are only marginally acceptable even at high

discount rates, then a secondary decision criteria should be applied. Valuations may

be added to these charts for intangibles such as aesthetics, safety, or ease of

construction. Interpretation and application of these results requires some judgement

as to the difference between actual site considerations and this idealized model,

however, this model is flexible and may be adapted to more precise alternative

designs, or different channel conditions. All of these precautions and qualifications

are reminiscent of an easily forgotten axiom: It is always easier to assign a cost
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to something than it is to determine it's value; and value is the ultimate goal in

flood control improvements.
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SECTION XIV

DESIGN CONSIDERATIONS MATRIX

The following is a spread sheet printout of design considerations that should be

helpful in making decisions as to the type of structure to use, analysis steps required,

and points that are critical.

The basic classes of drops are as previously designated in this study. The

considerations presented are:

Solls and Foundation Precautions

Structures and Foundations

Maintenance Considerations

Hydraulic Phenomena

Suggest Hydraulic Analysis

Hydraulic Analysis Difficulty

Design Hints

Flow and Height Suitability

Construction concerns, including difficulty, materials quality and

availability, and suggested quality control measures and inspection.

Aesthetic Problems and Suggestions

Public Acceptability

XIV-l
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II1IUH.IN IIATER ENllINEERS. LTV.
IESlliN ClHill£llATIlHl FlJl IJQ> 5TRI£1UlE5

liN

IlAJIIl
ClASS

SUB
ClASS

SOILS AND FlltlMTIIJ4
WlOITIlHl STROCTtIlE AND RELATED

Fll.tlIlATIIJ4 ClKERNS I1AINTENAN:E OCSIGN CONSll£IlATIlHi AND
TYPiCAl 11A1NTENIN:E t£EDS

B{ffiE -------iSILTY SOILS Be l!5flecially cautious on piping.DI1TE
llANDY SOILS -------Be cautious on piping.

C.AYEY SOILS Norul care.

EXPANSIVE SOILS -Be careful of expansive conditions
iIld difflll'ential ~Vl!lll!llt.

FREEZE/TIWl Analysis isRequired. particularly at toe
but varies for soils conditions

SUBmAlNAGE. SEEPAGE --Required. check Lane's lII!illted Crl!l!(' as
. a lini_ and provide sufficient (rains.

see typical details

VERTICftL -------SILTY SOILS ----Be l!5f'l!Cially cautious on piping. Seepage
RIPRAP cutoff will be difficult and any sub-
BASIN seqUl!l1t piping can cause wall fallll'e.

Also take care on bedding and potential
excessive scali' hole.

SANDY SOILS Be cautious on piping and potential
SCali'. but lore lanageable than above.
Sheet pile and clll'ry cutoffs possible
options.

C.AYEY SOILS Better suited. but bedding and gradation
st ill ilportant.

EXPANSIVE SOILS ---Better suited. but bedding and lradation
still Ilportant. Excavate cutoff trench
directly into substrate. and place
concrete direct Iy into trench (fori above
grade only).

FREEZE/TIWl Ilain concern is dll'ability of rock.

SUBmAINAGE. SEEPAGE --Required. check Lane's lII!ighted Creep.

The hydraulic sll'face loads. such as
thlt forc" against thlt baffle blocks.
are given by the llSllR. Also typical
water sll'face profiles are given.

The fOllldation design should consider
frost heave and seepage. Especially
consider seepage cutoff and any
residual pressll'l!S that lIill be against
walls or slabs.

Sheet pile and other deep cutoff
techniques are useful in extrllll! soils
such as sand and silt •

The hydraUlic and soils loads on the
wall are considerable. Be caut icus on
trying to relieve load by drainage
systl!l which light lead to piping.

Be sll'e that stroctll'al and
qeotechnical are aware that rock in
basin does rearrange itself and isn't
advisable to consiaer in helping resist
wall loads.

Potential ~Vl!ll!nt of wall shaul d be
considered.

Consider sheet pile for errosive soils
and inherent characteristics of
silultaneously reducing seepage and
increasing resistance to IOVl!IIl!llt as
driven fll'ther in the lrollld.

Access to the baffle apron for debris rlllOval.

Access to the basin.

Shaping of the transition area to drain so that laintenance is reduced.
This can include a transition frill the basin to direct flOll into the
trickle channel.

Consideration of vandal resistillt design.

Attent ion to bank slopes and transit ion areas. using slopes that are
easily laintained lIith larger _5. and providing riprap at likely
scali' areas that are expensive to repair latter.

Access to the area above the crest wall.

Selection and placl!lll!llt of rock above the crest that isn't easily
lOved by vandals or HOII.

Access to the basin.

Shaping of the transition area to drain so that uintenance is reduced.

Consideration of vandal resistant design.

Selection of variables that result in reducing SCOll' basins that trap water.
This uy include rock size. drop lIidth and trickle channel depth.

Attention to bank slopes and transition areas. using slopes that are
easily lIaintained lIith larger _So and providing riprap at likely
scali' areas that are expensive to repair latter.

--- - -- -- --- -- -- ;.;.­
~ -- -- -- '-'---. -
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I1AJ(Jl
CLASS

SUB
CLASS

SOILS AND FllllNDATI~
CONDITIONS PRECAUTION

STRUCTURE AND RELATED
FIlUNDATION CONCERNS

MAINTENANCE IISIGN CONSIDERATIONS AND
TYPICAL MAINTENAIa NEEDS

EXPANSIVE SOILS ----Be careful of expansive conditions
and different iaI movement.

SUBDRAlNAGE, SEEPAGE --Required, check Lane's Wei1Jted Creep as
a minimUIII and provide suffIcient drains.
see typical details. DesilJ1 of wall
varies as a fundion of seepage.

Shaping of the transition al'ea to drain so that Illaintenance is I'educed,
including debris and sediment. Aslisht downstream vee shape in the
lower sill appears helpful.

Considet'ation of vandal resistant design.

Attent ion to bank slopes and transit ion areas, using slopes that are
easily maintained with larger IROWers. and prOViding riprap at likely
scour areas that are expensive to repair latter.

Selection and placelleOt of rock above the crest that isn't easily
moved by vandals or flow. Grouted rock is desirable.

Access to the basin.

Access to the area above the crest wal L

Seled ion and placetlent of rock above the crest that isn't easily
IIOved by vandals or flow. grouted rock is desirable.

Access to the basin.

Shaping of the transit ion area to thin so that lIaintenance is reduced.
including debris and sediment. Aslisht downstream vee shape in the
lower sill appears helpful.

Consideration of vandal resistant design.

Attention to bank slopes and transition areas, using slopes that are
easily maintained with larger IIlOlIf!rs, and providing riprap at likely
scour areas that are expensive to repair latter.

The structural wall probleAlS are ---Access to the area above the crest wall.
basically the same as with the Vertical
Riprap Basins.

Uplift under the grouted rock basin
should be relieved with combination
gravel layer and weeps. Check for
differential uplift if supet'critical
flow occurr ing in basin.

The structural wall problems are
basically the sallie as with the vert ical
riprap basins.

The basin slab should consider seepage
uplift forces and frost adion. Gravel
drainage and numerous weeps shaul d be
provided. Adjacent transition walls
and sills should be designed to be
compatible, and with due considerat ion
for seepage and frost. Most likely
design transition walls with sepal'ate
footel's and joint detail with slab.
If sill is small, it can be an extension
of slab. Slab j oint with lIlain drop
wall critical. and to be flexible.

EXPANSIVE SOILS -----Be careful of expansive conditions
and diHerential IIOvement. Joint between
wall and basin slab .important.

FREEZE/THAW -------Consider in design but varies for
soil conditions.

FREEZE/THAW ----------Consider in design of wall but varies
for soils condihons. Design for uplift
leads to grout thickness that resists
deterioration. Use polyfiber additives
and hi1J strength grout.

SUBDRAINAGE, SEEPAGE --Required, check Lane's Wei1Jted Creep as
a linilUIII and provide sufhcient draIns,
see typical details. Design of wall
varies as a fundion of seepage. Basin
design thickness a function of uplift
from tailwater and/or head upstream of
crest (and type of walll.

VERTICAl. -1-etlNCRETE----SILTY SOILS --------Be especially cautious on piping.
HARD : BASIN
BASIN: SANDY SOILS -------Be cautious on piping.

I Sheet pile and slurry cutoHs possible
: options.
:i CLAYEY SOILS -------Normal care.
,,,,,,,,,,,·,i,·I,,,,,,
I,,
l--GRIJUTED----SILTY SOILS ------Be especially cautious on piping.
: ROa<
: BASIN SAN[IY SOILS ------Be cautious 01'1 piping. Sheet pile and
1 slurry cutoffs possible options.

! CLAYEY SOILS --------Normal care.

·,,,,,,
:,·

-SCS with------see above Concrete Basin-----------------------------------------------5ee SCS gUidelines for detailing,
Baffle Problems are essentially the same
Blocks as the Concrete Basin above.

in Basin

See the above items.

Great care should be taken to avoid a sedilllent and debris trap. If pipes
are used they should be in the range of 24 to 36 inch so they can be easily
maintained. Trickle channels are preferred over pipes Nhich may plug or
frequently overtop, leading to the creat ion of an unplanned trick Ie
channel and IlIOre maintenance problems.



HCLAUGfi.IN WATER ENGINEERS. LTD. DESIGN CONSIDERATIONS FOR DROP STRUCTURES XIV-:5

MAINTENANCE OCSIGN CONSIDERATIONS AND
TYPICAL MAINTENANCE NEEDS

STRUCTlJlE AND REU\TED
FOUNDATION CONCERNSPRECAUTION

SOILS AND FQlJ;DATION
CONDITIONS

SUB
CLASS

MJOR
CLASS

----------------------------------._----_....._....._--_._-------------------

SLOPING --:--GRADED----:--SILTY SOILS -----Be eSf'ecially cautious on piping. Seepase
RIPRAP : ROCK : cutoff will be difficult and any sub-
': sequent piping can cause wall faillre.

: Also take care on bedding and potent ial! excessive SCali' hole.

:--SANDY SOILS ------Be cautious on piping and potential
: SCali'. but lOre manaseable than above.
: Sheet pile and slurry cutoffs possible
: opt ions. besides normal cutoff wall.
I
:--CLAYEY SOILS -----Better suited. but bedding and sradation! . st ill iaportant •

I-EXPANSIVE SOILS ---Better suited. but bedding and gradation
: still important. Excavate cutoff trench
: directly into substrate. and place
: concrete directly into trench (form above
: grade onlyl.

-FREEZE/THAW -----Itain concern is durability of rock.

--SUBDRAlNAGE. SEEPAGE -Required. check Lane's lIei!#!ted Creep.

The structural is minor for the sllaller
drops. The crest wall distributes flow
and provides sDIIIeWhat of an insurance
policy if SOlIe of the rock moves. The
reinforcing is mainly to provide
integrity. crack control and to allow
the wall to stand during construction.
When backfill is placed. it is difficult
to achieve coapaction of the soil along
the wall. thus the potential for piping
along the wall is hi!#!.

There are instances where sheet pile or
slurry walls are used for erosive soils.

Access to the area above the crest wall.

Selection and placement of rock above the crest that isn't easily
IIIOved by vandals or flow.

Access to the sloping rock and basin.

Shaping of the transition area to drain so that maintenance is reduced.
including debris and sediment. Aslight downstreilll vee shape in the
lower sill appears helpful.

Consideration of larger rock and careful attention to providing the larger
thickness below the crest. If anything. leave 50111! extra rock that can be
used for later maintenance.

Attention to bank slopes and transi t ion areas. using slopes that are
easily maintained with larger lOwers, and providing riprap at likely
scour areas that are expensive to repair latter.

i--'Wt/l-----.,..----- see above -----------------------------------------------~~ =i~:ds~~~o~i~~ ~:e~f~~E ----see above ---------------------- _

: per Corps but has applicat ion to other struct ures
: llarge submerged during flooding. See
: boulders li terature.
:over graded! riprapl
I

I
I

:-STAC1<ED----------- see above ----See discussion above. but one of the key ------....-See Discussions above. --------------------..see above _
llOlI.lIR5 probll!llS is that seepage can quickly

(Interlocked develop and lead to abutment failures.
and stepped) subgrade erosion and ...,streall

heaocutting. Thus cutoff is parilllOuot.
Awide crest (along stream) and location
of the cutoff lfstream is recOllllll!llded.

- - - - - - .. - - - •• - - - - -
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1'ICLAUGHLIN WATER ENGINEERS, LTD. DESIGN CONSIDERATIONS FOR DROP STRUCTURES XIV-6

I'lAJOR
CLASS

SUB
CLASS

SOILS AND FOUNDATION
CONDITIONS PRECAUTION

STRUCTUlE AND RELATED
FOUNDATI ON CONCERNS

MAINTENANCE DESIGN CONSIDERATIONS AND
TYPICAL MAINTENANCE NEEDS

SLOPING ---'---5INGLE-------SILTY SOILS ------------Be especially cautious on piping. Poor
GROUTED ROCK grouting leaves voids which lead
ROCK LAYER to erosIve underflows and failure.

This is especially true in this type of
soil, thus inadequate cutoff leads to
failure.

SANDY SOILS ------------Be cautious on piping. Sheet pile and
slur,'y cutoffs are possible options. As
with all grouted rock uplift pressure
is a critIcal concern, and certainly
this is true with pervious soils.

CLAYEY SOILS --------Normal care.

EXPANSIVE SOILS --------Be careful of expansive conditions,
but mass of grouted rock likely to
compensate.

FREEZE/THAW -----------Design for uplift leads to grout
thickness that resists deterioration. Use
polyfiber additives and hi\tl strength
grout.

SUBDRAINAGE. SEEPAGE ---Required. check Lane's Weillted Creep as
a minimum and provide sufficient drains.
see typical details. Uplift pressures
are a key cancern in design. Thickness
re~uired is a function of lflift from
tallwater and/or head upstream of crest.

The integt'tty of the cutoff is quite
important as seepage and uplift are the
key concerns wi th grout. In most
instances the cutoff is relatively
Simple and ,'equires no intensive
structural effort.

However, in instances of e,'osive 01'
highly permeable soils, cutoffs
utiliZing structures, particulary sheet
pile and slurry walls can become
necessary.

In cases of higher drops, it is
particulary important to complete a
structural and geotechnical analysis.

Access to the area above the crest.

Access to the sloping drop and basin.

Shaping of the transit ion a,'ea to d,'ain so that maintenance is reduced.
including debris and sediment. Aslight downstream vee shape in the
lower si II appears helpful.

Attention to bank slopes and transition areas. using slopes that are
easily maIntained with larger mowers, and providing riprap at likely
scour areas that are expensive to repair latter.

,--STACKED------------ see above -----------------------------------------------------------------------------------------------see above ------------------------------------------------------------------
BOUlDERS

Inter locked
and stepped



I'tClAUGHLIN WATER ENGINEERS, LTD. DESIGN CONSIDERATIONS FOR DROP STRUCTURES XIV-7

MAJOR
CLASS

SUB
CLASS

SOILS AND FOUNDATIOO
CDNDITlOOS PRECAUTION

STRUCTURE AND RELATED
FOUNDATION CONCERNS

MAINTENANCE DESIGN CONSIDERATIONS AND
TYPICAL MAINTENANCE NEEDS

OTf'CRS
._-------------------------------_.

FREEZE/THAW ----------Required, partiCUlarly at toe end sloping
face, but varies fot' soils conditions.

EXPANSIVE SOILS --------Be careful of expansive condit ions
and di fferent ial movement.

SUBDRAINAGE, SEEPAGE --ReqUired, check Lane's Weillted Creep as
a minimum and provide sufficient drains.

The interity of the cutoff is quite -:--Access to the area above the crest.
importen as seepage, uplift and frost :
heave are key concerns. Structural : Selection and placement of rock above the crest that isn't easily
analysis is required. There are a wide : moved by vandals or flow. Grouted rock is desirable.
variety of detai Is and techniques :
available fOI' handling problems. ! Access to the basin, the drop face and any underdrain maintenance points.

In instances of erosive or highly : Shaping of the transition area to drain so that maintenance is reduced,
perlleable soils. cutoffs are cI'itical, : including debris and sediment.
with techniques such as sheet pile and :
slurry walls being useful. ! Consideration of vandal resistant design.

In cases of higher drops, it is i Attention to bank slopes and transition areas, using slopes that are
particulary important to complete a : easily maintained with larger mowers, and prOViding riprap at likely
structural and geotechnical analysis. i sCOUt' a,'eas that are expensive to repair latter.

---------- see above -------------------------------------------------------Essent ially the same --------------------: Gt'eat cal'e should be taken to avoid a sedillll!nt and debris trap. If pipes
: are used they should be in the range of 24 to 3b inch so they can be easily
: maintained. Trickle channels are preferred over pipes which lay plug or
: frequently overtop, leading to the creation of an unplanned trickle
: channel and more maintenance problems. Access for basin area is
:--especially important.

Conven­
tional

SLOPING --- -- SAF -------SILTY SOILS ---------Be especially cautious on piping.
CONCRETE Saint

Anthony SANDY SOILS ----------Be cautious on piping.
Falls Basin

(Sloping CLAYEY SOILS ----------Normal Care.
Basin

with Baffle
Blocks in

Basin)
and

Simi liar
BurRec
Basins

SOIL CEI1ENT,---------- --SILTY SOILS ----------Be especially cautious on piping.
ROLLERCRETE (

--SANDY SOILS ------------Be cautious on piping. C~atible
situation, but depends on IIaterials
and econooics of other alternatives.

--CLAYEY SOILS ----------Depends on econOllics of other
alternatives (or lack thereof).

--EXPANSIVE SOILS ------Be careful of Expansive condit ions
and di fferent ial IIOvelllent. Unlikely
to lake sense because insitu shales
resist erosion and easily protected by
other options (concrete, rock, grout>.

--FREEZE/THAW -----------Crit ical to prepare laboratory tests to
determine suitability of materials and
cement content.

--SUBDRAlNAGE. SEEPAGE -ReqUired. check Lane's Weighted Creep as
a IDinimum.

The critical concern is seepage. This
is a massive strutture and unl ikely
to have sliding Qt' rotation problems.

see above ------------------------------------------------------------------

Great Care should be taken to avoid a sediment and debris trap. 11 pipes
are used they should be in the renge of 24 to 3b inch so they can be easily
maintained. Trickle channels are preferred over pipes IIhich lay plug or
frequently overtop, leading to the creat ion of an unplanned trickle
channe1 and IlIOre lIaint enance problems.

~ --- -- ft:_= -
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MClAUGHLIN WATER ENGINEERS, LTO. DESIGN CONSIDERATIONS FOR mop STRUCTURES XIV-B

PlAJOR
ClASS

SUB
ClASS

BASIC
HYDRAULIC
PHENllI1ENA

SUGGESTED
HYDRAULIC
ANALYSIS

HYDRAULIC
ANALYSIS
DIFFICULTY OTHER DESIGN HINTS

--------------------------------------_.._._--

BAFFLE ------------Water flow is obstructed by 4 rows
CHJTE of staggered blocks that are of

a nOllinai height equal to
critical depth. Energy is dissipated
by significant loss of lAomentum
and related turbulence.

Large aaount of flexibility
for varying t ailwaters, bed
conditions. excess flow.
Only serious liability is
that excessive debris can
plug and allow supercritical
flow over blocks directly to
channel downstreilll.

CREST CONTROL HYDRAULICS
TRANSlTION HYDRAULICS UPSTREAM
(approach velocit ies need careful
consi derat ion)
CHUTE LAYOUT IHYDRAULICS per BurRec
TRICKLE CHANNEL AT CREST
(provide by going between blocks)
TRANSlTlON HYDRAllLICS llllWNSTREftl
(confirm reasonable dispersion

-oK
-Reasonable, but unusual situat ions occur.

-Easy

-Sometimes difficult with widet' gt'ass
channel.

Locate and configll'e trickle channel at crest to SO thru
crest between two baffles. Use concrete transition from
trickle upstream to prevent debris and si lting, and also to
help with seepage control.

It is possible to apply the design to low drops by
flattening slope to allow 4 rows of baffles,
or using only 3 rows.

Also, in the case of cOIIIPletlr stable channels the
downstream basin can be hard ined to allow a cleaner
transition. This is done by bringing a trickle channel
upstream to the drop and creat ing a aepressed basin equal to
approximatelr half the trickle depth. The basin should then
have cross s ope to drain to the trickle. It should have a
base width equal to the channel and long enough to provide
about a 15 to 25 degree expansion.

-----------------------------_._---'----------------------------------

VERTICAL -----------------Flow over crest falls into pool
RIPRAP where enerS)' of jet (nappe) is
BASIN dissipated In pool by turbulence.

The basin is depressed. typically
because of a rearranging of the rock
associated with the turbulence.

Model and field observat ions have
lead to development of e~irical
Chads. Sucessful results at'e
obtained As long as field
condit ions and flow hydraulics
don't exceed the limitations.

CREST CONTROL HYORAULICS
TRANSlTION HYDRAULICS UPSTREAM
BASIN LAYOUTIHYDRAULICS per EMPIRICAL CHARTS
TRICKLE CHANNEL AT CREST
TRANSlTION HYDRAULICS DOWNSTREAM
<Confirm reasonable dispersion
of flow to channell
TAILWATER HYDRAULICS (Backwater Analysis)

-OK
-Reasonab Ie, but unusua! sit uat ions OCCUt'
-OK
-Need to consider
-Sometimes difficult with wider grass channel
and problems with secondary drop formed by
basin rock rearran~ement.

-Sometimes difficul" especially if changing
bed condi t ions.

Bring trickle channel throui1> crest and size large rock in
basin below. Bring trickle channel from downstream into
basin as low as possible to drain basin, but have adj acent
channel bottom in grass lined channel form sill effect. In
other words, the basin elevation will rise to the elevation
of the downstream channel base except at the trickle
channel.

Having heavy clay content in the backfi 11 for the wall and
in the channel bottom upstream can prOVide an illportant flow
cutoff. Alternatively one can use synthetic liners to
reduce seepage. Drops have been seen where the
trickle flow is going behind the wall thru the chins, and
not over the crest. Di ffer'ential settlement, where the
trickle settles upstream of the crest, should be handled by
structural details and setting grades that anticipate
IAOvellent.

---------------------------------,--------- -----------------------



MCLAUGHLIN WATER ENGINEERS, LTD. DESIGN CONSIDERATIONS FOR DROP STRUCTURES XIV-9

IlAJOR
CLASS

SUB
CLASS

BASIC
HYDRAULIC
PHENOMENA

SUGGESTED
HYDRAULIC
ANALYSIS

HYDRAULIC
ANALYSIS
DIFFICULTY OTHER DESIGN HINTS

The provision of a substantial gravel layer, good weeps and
good detai ling on joints will add to the 1ife of the
structure. Keep in mind that the slab is relatively t.hin
and has little ballast against uplift. in contrast to
grouted rock basins.

Use a 2 foot depth trickle channel that transitions
to allow approximately 1 foot of depth to be used for the
basin depression. The drop wall should have a trickle
channel of the same depth (2 feefl. The basin should have
cross slope to allow it to drain to the trickle channel.

-OK
-Reasonable. but unusual situations occur
-Easy
-Need to considet'
-Somet imes di fficult with wider grass channel
and probletls with secondat'y drop formed by
basin rock,

-Sometimes difficult, especially if changing
bed conditions.

CREST CONTROL HYDRAULICS
TRANSITION HYDRAULICS UPSTREAM
BASIN LAYOUT/HYDRAULICS pet· EMPIRICAL CHARTS
TRICXLE CHANNEL AT CREST
TRANSITION HYDRAULICS DOWNSTREAM
(confir. reasonable dispersion
of flow to channell
TAILNATER HYDRAULICS (Backwater Analysis)

If tailwater is insufficient sl4'er­
critical flow will travel downstrealll
lIItH sufficicent energy has been
dissipated and then the jUIlIfl will
occur.

The rou~ surface of the grouted rock helps to dissipate
energy. thus hold the grout below the top of the rock.
Grade the grout to encolI'age surface drainage. If the
supercritical flow is tending to wash out of the basin,
place lar9l!!' boulders that l'I'oject into the flow. The area
of the trickle channel is of key concern. l1eandering the
trickle in the basin lIlay also help. Place any boulders at
least 20 feet upstreal of sill to allow eddies to dissipate.

Use a 2 foot depth trickle channel that transitions
to allDII approxllBately 1 foot of that to be used for the
basin depression. The crest wall should have a triCkle
channel of the Si1llll! depth (2 feet).

Consider fOrming basin side lIalls of large boulders.
carefully bedded on riprap and placed to minimize voids.
Hany other creative treatlents/components are possible.

l-SCS with--Sillliar to above -----------SEE SCS DESIGN GUIDELINES ----------l1ethod somewhat intricate. and requires ---As for concrete basins above. An i~ortant concern is
Baffle deep basin that is usually can't be drained drainage of the still Ing basin. Don t use Slall pipes or
Blocks -IlIfllelentation of Trickle Channel needs to by the trickle channel. other details subject to silting or plugging.

in Basin be analyzed. -No guidelines available but reasonable
-Drainage Analysis of Stilling Basin. and to ~proxiaate.
related piping needs to be mdertaken -Difficult to design a reliable system
unless lilt basin acceptable. unless large conduits used.

VERTICAL -1-etlNCRETE-I--Flow over crest falls into a pool
HARD : BASIN lltIere the jet (nappe) hits the basin
BASIN I floor and then energy is dissipated

: by the turbulent flow of the hydraul ic
: jump.,
: Model and field observations have
: lead to developllent of eIlPirical
: charts. Sucessful results are
: obtained As long as field
I conditions and flow hydraulics
: don~t exceed the limitations.
: Para.eters relate to a Drop NUIlIber! .(See Sect ion XlIl.,
:
:
I·:,·,,,
I

i--GROUTED---,--See Above--------------------See Above----------------------------See Above-----------------------------------In this case. pt'obably use a gravel layer mder the grouted
I ROCK boulders and weeps. Consider potential uplift in sizing the
I BASIN grout layer. The controlling uplift can be caused either by
: the differential head from upstreilll after considering
I seepage losses. or by local effects caused by differential
I water surfaces for supercritical and subcrihcal flow
: conditions.,,
:
i··I
I
:
I

- - - - - - - - - - - - - - -
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IlAJOR
CLASS

SUB
CLASS

BASIC
HYDRAULIC
PHENOt1ENA

SUGGESTED
HYDRAULIC
ANALYSIS

HYDRAULIC
ANALYSIS
DIFFICIUY OTHER DESIGN HINTS

._----------------------------

A good idea for cutoff wall construct ion is to
excavate a trench below rock subgrade as
required for seepage control. and backfill with
concrete. Above t~is grade a formed surface can be used.
Often a wall with almost no footer is constructed, and then
backfilled. This method is poor because cOllpaction and
associated seepage control is difficult.

It would be prefet'able in sandy, or other Ilarginal
soils' where a narrow trench cannot be excavated, to
completely overexcavate a wide zone and backfill with tight
clay using heavy earthwork equipment. Then the trench
could be excavated as above.

Use a 2 foot minimum depth trickle channel that transitions
to allow approximately 1 foot of that to be used for the
basin depression. The drOfl wall should have a trickle
channel of the sallll! depth (2 feet!.

-Any rock smallel' than dSO is likely to move
and will forll secondary drops and local
erosion. This cOlllpounds the problems
associated with the tt'ansition downstream.
With varying bed condit ions the analysis is
even more complex.

-lJI(
-Reasonable, but unusual situations occur
-Reasonabl¥ easy to use. but alllOst equally
easy to lIisapply such as incol't'ect
tai lwater assumptions and effects of
tailwater, incol'rect dischat'ges. incort'ed
assUllpt ions about contract ions, and
locations on curves.

COMPLICATED SERIES OF ANALYSES INCLUDING: -Certainly the quality of the Analysis and
-Supercritical water surface profile analysis the reliablity of the design is much

clown slope and in basin. better, but the level of effot't is much
-Determination of beginning of jump. more extensive. and incorrect parameters
-Analysis and sizing of rock. are easily assumed.
TRICKLE CHrtlNEL AT CREST -Need to consider, which then leads to two
SIMILIAR ANALYSIS Fill HYDRAULIC AND ROCK complete series of analyses. one for the

SIZING ANALYSES IN TRICKLE CHANNEL. main drop and the other for the trickle
channel.

TRANSITION HYDRAULICS DOWNSTREAM
(confirm reasonable dispersion
of flow to channell

See discussion for Derrick Stone and stacked
boulders l41en analysis indicates extremely
larlJe rock.

CREST CONTROL HYDRAlJI..ICS
TRANSITION HYDRAlJI..ICS UPSTREAM
BASIN LAYOUTIHYDRAULICS per SItf'LIFIED

CHARTS, or

SLOPING - -SRADED---Basic Energy Dissipation is
RIPRAP ROCK accollplishea by conventional

hydraulic jump and turbulent flow
over (and through) rock. The flow
through the roc~ can create hi!#lly
varying instantaneous pressure

. fluctuations associatted with illpact.
lift and drag. At best, empirical
paraJlE!tersusually based on luch
SRlaller sca'ie IOdel tests are used to
size rock.

~:~:-----E!s :~~~~~~~~;~)fcej~~ ;--------------------------------------------------------------------------------------------------------------------------------------------------------
(large

boulders -The same rock gradation technique -See discussion above for Graded Rock.
over graded can be applied when rock sizing

riprapl algorithms indicate very larlJe rock
for convent ional drops as in !raded
riprap drops above.

-STACKED------The phenomena here is SllIlewhere --------Review the drop uti lizing severa I -----------See above. ----------------------------------------------------------------------------------------------
BllLUlERS between a Sloping drop with a techniques.

(Interlocked conventional IUIIIf' and a plunging jet -Once it is indicated b¥ all that the rock -Difficult to do and basically involves a
and stepped) fallins into a basin below. size is two or three tlmes the supercritical lot of guesswork, and experience.

Thet'e IS no literature available f10N depth, consider stacking and interlock- The best thing to do after analysis is to
which investigates the phenOlleOa ing the rock such that each upstrea~ rock is assess riSKS with the client and if still
taking place. We hypothesize that 501 below the top of the downstrealll rock, perceived as a desirable solution because
the boulders are large relative to the with all adjoining sides contacting as close of reasons such as aesthetics, 10101
surface flow 50 that under flow as possible. discharge ranges, suitability for erosion
circulation is reduced such that lift -Eedding and seepage analysis is Critical. check structures, or low dropsl then
forces are insillllificant, and thus proceed but be prepared for correctlve work.
the general stability experienced.
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tfAJDR
CLASS

SUB
CLASS

BASIC
HYDRAULIC
PHENOMENA

SUGGESTED
HYDRAULIC
ANALYSIS

HYDRAULIC
ANALYSIS
DIFFICULTY OTHER DESIGN HINTS

The best cutoff techniques involve moving upstream of the
actual c!'est, whe,'e it is easier to physlcally excavate a
trench to be backfilled with concrete as described above for
sloping l'iprap. The cutoff can realistically be located 5
to 20 feet upstrem, with a grouted rock surface layer to
seal the cutoff and provide erosion protection. Be sure to
provide toe drainage. Do not use gravel under grout as
it onl1provides a piping route and transmits pressure to
other oeat ions.

-Need to conside,', which then leads to two
complete series of analysis, one for the
main drop and the other for the trick Ie
channel. Use of simpl i fied design charts
usually is voided immediately by significant
contractions or va"ying tailwater
conditions, 01' sigOlflcant changes in
upstl'eam and downstream nominal cbannel
depths.

-With varying bed condit ions the analysis is
even more complex.

-OK
-Reasonable, but unusual situat ions can occw'
-Reasonably easy to use, caut ion is
app.'opriate I'ega,'ding contl'oll ing seepage
conditions. such as flow (and thus pressUl'e)
condit ions at drains, (t'est and in or
downstream of basin. But it appears that
correct knowledge of depths upslt'eam and
downstream leads to a correct thickness,
assUllling correct seepage characteristics
ILane's Weighted Creep Length per soi Is).

SERIES OF ANALYSES INCLUDING: -The quality of the analysis and the
-supercl'itical water sul'face pl'oflle analysis t'eliablity of the desiQn is much better,

down slope and in basin. but the level of effod' is much lI\OI'e
-Determination of beginning of jump, extensive.
-Sizing of 'f0ut thickness as a
functlon a hydl'aulics and seepage forces,

TRICKLE CHANNEL AT CREST
slMILlAR ANALYSIS FOR HYDRAULIC AND ROCK
SIZING ANALYSES IN TRICKLE CHANNEL.

CREST CONTROL HYDRAULICS
TRANSITION HYDRAULICS UPSTREAM
BASIN LAYOUT/HYDRAULICS per sll1'LIFIEO
CHARTS, or

TRANSITION HYDRAULICS DOWNSTREAM
(confirm reasonable dispersion
of fl 011 to channe j)

Basic Energy Dissipation is
accomplished by conventional
hydl'aulic j urnp and turbulent flow
ovel' rock.

The keys to successful grout work are to prepare a solid
subgrade: use boulders larger in all dillll!nsions than the
grout layer; place the boulders to minimize voids and step
gradually so that at least the bottom half of the uphill
boulder IS behind the adj oining one; generally place the
boulders with the top surface Hat and horizontal to provide
a stepped appearance conducive to flow dispersal and
minimj zat ion of pl'oj ect ing surfaces that light develop Ii ft
lalthough not usually a problem); pump. the srout with
modest slump depending on slope: use
polyfiber reinforcement for crack control and general
toughness; use a pencil vibrator to make sure It penetrates
under to prevent piping th.'ough voids and to slllllOth the
surface: and hold the grout down.

The best way to help dissipate ene.'gy will ~e to keep the
grout below the surface of the boulders in order to
create a high realitive rou!tlness. Use larger
boulders that project into fhe flOlI to prevent erosion and
the jump washing downstream. Place boulders at least 15 to
20 feet upstream of sill. Grade the grout to encourage
surface drainage.

Use a 2 foot minimum depth tt'ickle channel that tt'ansitions
to allow approximately I foot of that to be used for the
basin depression.

--sTACKED-------The phenomena here is so.ewhere --------See above -----------------------------------see Pbove --------------------------------------See Above, but keep in mind that cutoff lIay have to be
BOlA..IfRS between a slo~ing drop with a further upstream from the crest boulders.

Inter locked convent ional I ump and a plunging jet
and stepped into a hard basin below.

SLOPING -- -SIN6LE---
GROUIDl ROCK
ROCK LAYER

- - - - - - - - - - - - - - -
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utilizing a probabilistic/stochastic approach as suggested by Samad (ref. 43)

and incorporation of a safety factor concept as outlined by Stevens (ref. 60).

The probabilistic method will enable the designer to interpret the stability of

riprap by indicating its probability of adequacy. Undoubtedly, this would involve

basic research on temporal and spatial pressure fluctuations imparted on rock,

similar to the work by Urbonas (ref. 64), but more directly applicable to drops,

banks, transitions and channel linings. Ultimately, nomographs similar to those

by Reese would be useful (ref. 37). They should also incorporate the efforts

of Bathurst (ref. 4) regarding roughness and flow characteristics when relative

flow depths are smaller as they often are in transitions, steeper slopes or

drops. Also, such an investigation should review the rock placement concept

discussed herein versus single layer graded riprap concepts.

A useful diagram is Shield's Diagram for studying incipient motion of small

particles on flat bed channels. This diagram or a similar diagram needs to be

systematically developed for steep channel by including the variables that

significantly affect the motion of large particles.

55. Another important general research topic is the interplay between drop crest,

trickle channel and overall channel stability. The concern recognized herein

is that lack of a trickle channel results in aggradation upstream, along with

the effect of extremely wide channels with relatively shallow flows. The

investigation here would be conducted based on both laboratory and field

research. As part of this study, recommendations were made purely on the

basis of experience and field inspection. The loss of 2 feet of conveyance or

the degradation of several feet, in projects that cost millions to implement in

and of itself justifies research, not including the future projects and problems.

This study should incorporate research on trickle channel and other stability

measures in and their effect on natural channels.
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boulder side wall in the VHB basin to determine the adequacy of the design in

the highly turbulent area near the point where the nappe drops into the basin

and other eddy zones. Two (VHB, GSB) of the three preferred drops have

clear economic advantages. However, they are predicated on the experience

of engineers who have been working and developing the design over a number

of years, and basic research that indicates the concept should be effective

(ref. 4, 24, 25). To immediately embark on a wholesale shift to these designs,

where engineers are not familiar with the problems, without pursuing a parallel

track of research and technology transfer, is not recommended and will result

in many more dollars spent on maintenance than on research costs.

52. As a parallel effort to item 51, probably using the same model, stacked boulders

and grouted stacked boulder drops should be explored. The aspects that shoul<;l

be investigated are: equivalent crest control hydraulics, approach drawdown

curves, velocity patterns, flow hydraulics over the drop, impact forces on the

basin and basin/jump hydraulics. The work by Bathurst (ref. 4) would indicate

positive results, but the scale of the boulders are larger and the slopes/steps

are face steeper which leads to the need for research. The promise here is

a more economical drop, but there is almost nothing in the literature that

applies. Seepage control aspects would be investigated at the same time by

exploring upstream cutoffs with a crest cap that extends down to the crest of

the drop.

53. As part of all of the above efforts, and in some prototype structures, pressures

of the flow above and under the grouted rock drops should be monitored.

Comparison with Lanes Weighted Creep Method should be made to suggest

modifications unique to the configurations used herein.

54. An important general research area is riprap. The exact formulation of what

should be done here is dependent on decisions regarding the continued general

use of riprap for drop structures, and the perceived adequacy of general bank

and channel riprap. At a minimum, it is suggested that the safety factor/slope

correction approach be implemented District wide, with special consideration

for transitions and banks. The basis of the safety factor would be a developed
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C presents quantity data so that the engineer can consider effects of specific

unit prices. The figures in Section XIII should be useful.

DESIGN CONSIDERATIONS MATRIX

49. Section XIV presents a "decision" matrix which allows review of the key

considerations related to many types of drops. These include:

i) Soil and Foundation, Precaut ions

ii) Structures and Foundations

iii) Hydraulic Phenomena

iv) Suggested Hydraulic Analysis

v) Hydraulic Analysis Difficulty

vi) Design Hints

vii) Flow and Drop Height Suitability

viii) Construction concerns, including difficulty, materials quality and

availability, and suggested quality control measures and inspection.

ix) Aesthet ic Problems and Suggestions

x) Public Acceptability

RESEARCH NEEDS

50. There are important improvements which can be made that will result in better

economy and quality. For the following recommendations, the potential return

on investment is high. Also, it would be reasonable to participate in jo int

venture investigations as these topics have regional and national significance.

51. The first research topic might be titled, "Hydraulic jump stability and dissipation

of residual energy in low drops for grass-lined and erodible channels". The

study would be concerned with the effects of, advantages of, and guidelines

for rock stilling basins with large boulders used selectively for baffles (for jet

dispersal and energy dispersion). The differences in the flow through the

trickle channel and main jump with basic flow dispersal (velocity patterns)

should be investigated and then modi fications, such as the boulder baffles,

would be investigated. Scour patterns downstream and erosion control measures

would be investigated. Another aspect that would be reviewed is the stacked
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are discussed in the Design Guidelines. Further research, testing and monitoring

is advisable.

OTHER COMMENTS ON ROCK RIPRAP

40. It is apparent that there are many problems in analysis, design, specification,

construction and maintenance of riprap. These extend beyond the sloping rock

drops and affect "ordinary" bank and channel riprap. There are reasons to

also consider safety factors, effects at bends and transitions and probabilistic/

stochastic analyses to assign meaning to safety factors.

41. There is disagreement on grading and bedding techniques. The District should

monitor candidate projects to identify the better approaches. The gradation

tests performed for the City of Englewood during this project illustrate that

"eyeball" methods are unreliable, and that periodic testing during a project is

warranted. The opinion herein is that placement which ends up with the d50

pieces on the surface, interlocked, voids filled with smaller pieces that are

trapped and the mass well compacted are likely to be effective and enforceable

in the field. The remaining portions of the riprap are in effect to provide a

reverse filter and subgrade leveling course on top of a well matched bedding

filter layer. On the other hand, placement consisting of large rock strewn

about with large voids and exposure is an invitation to disaster.

42. Related suggestions are incorporated in a guide construction specification

(Appendix B).

ECONOMICS/COST CONSIDERAnONS

47. Section XIII presents a detailed evaluation of capital and maintenance costs.

Various interest rates are compared, along with suboptions for some alternative

designs.

48. An economic "efficiency" term is derived, which is useful in demonstrating

economy of scale of the drop types. Designers may use this information for

initial screening and alternative selection within the limitations noted. Appendix

XV-8

If
I

I;
I

II
If

­
~
I;
~

~

~

~

~-

••I
I
I
I
I



I
I
I
I
I
I
I
I
I
I

;;

I
I
I
I
I
I
I
I
I

LOW FLOW EROSION CHECKS AND CONTROL MEASURES

33. Flood plain management practices have resulted in the preservation of the

flood plain and natural channels. However, the impacts of urbanization have

been significant as the increased runoff volumes that cOlJtinually flow cause

degrada tion of the low flow channel and bank sloughing. In many cases, this

has lead to major damage to the main channel and endangered property, utilities

and structures.

34. Checks and other control measures are effective techniques as discussed in

Section VIII. Great care needs to be taken with seepage control and good

hydraulic performance.

35. These improvements will require maintenance, which can be reduced by careful

design, but cannot be reasonably avoided.

36. An important aspect is to have these improvements implemented by development,

or by special districts/local governments that can responsibly fund these

improvements. Once the channel is initially stabilized, it is reasonable for the

District to consider maintenance involvement.

TRICKLE CHANNELS

37. Provisions for trickle channels through the drop structures is important to avoid

channel aggradation upstream and to allow a depressed basin for better energy

dissipation. Such depressed basins can also drain, and accumulates less debris

and sediment because of the trickle channel. Significant aggradation has

occurred in many channels where trickle channels do not pass unipeded through

the crest.

38. Their inclusion requires hydraulic analysis of two profiles, one through the

main drop and one through the drop along the trickle channel. The basics are

discussed in Section X.

39. The jump through the trickle channel inherently has more power and tendency

to wash downstream. This appears reasonable to control, and initial approaches
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27. Placing boulders in a stepped pattern is attractive. There is no functional need

to grout to the surface of the boulders. In fact, holding the grout 6 to 9

inches (or more if the minimum thickness is provided) below allows greater

hydraulic roughness and improved aesthetics.

28. Construction of this drop is more reasonable than SLR drops, more troublesome

than Be drops and comparable to VHB drops.

29. Research, similar to that suggested in 9.i) is appropriate. The items of

importance are the jump characteristics in the trickle channel area, the

suggested measures of meandering in the trickle channel in the basin, and the

use of large boulders as baffles to dissipate the jet.

Sloping· Concrete

30. USSR IV and SAF basins, both with baffles on the h8sin floor may be considered,

but the depressed basin is a nuisance in a grass-lined channel. BC drops are

generally better for grass-lined and erosive soils.

31. Smooth Concrete Aprons (USBR I, V) are appropriate for hydraulic dissipation

such as when dropping into ponds. However, they are a significant hazard

because the hydraulic jump is difficult to escape (if a person inadvertently is

swept into the basin, etc., or kids are tubing on the smooth face) and laymen

(and even many engineers judging by the casualties) do not perceive or recognize

the hazard.

Other Types of Drop Construction

32. Soil Cement (ref 49, 51), Rollercrete (ref. 39), and drops along supercritical

or steep channels (ref. 40, 41, 49, 51) have been addressed to a lesser degree

in this report, as they are not normally applied to grass-lined channels in the

Metropolitan area. There are circumstances where these concepts may apply

such as a readily available material source (soil cement), while other material

are not readily or economically available, or the need to modify an existing

concrete dam.
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20. The stacked boulder drops and "Derrick Stone" approaches have merit, because

both have been successful. Techniques used for rock installation are worth

considering. Research should be undertaken in conjunction with Item H.

Grouted Sloping Boulder Drops - GSB

21. There are many successful examples of these drops. The District has had

success in maintenance projects that used grout to stabilized failed loose riprap

drops. On the other hand, the Corps of Engineers (CaE) and Dr. Simons have

noted many failures associated with seepage and uplift.

22. This drop, along with Baffle Apron Drops (BC) and Vertical Hard Basins (VHB),

have the most value. GSB drops have economic advantages in several

applications, including drops 4 foot and higher. Also, they should be a good

approach for drainage inflows to channels (if the water is directed into the

chute and seepage is controlled).

23. Section XI reviews the forces and problems involved. Seepage must be controlled

by constructing a vertical cutoff upstream of the crest to conservative values

for the specific site conditions. Approaches are discussed which are different

than SLR drops, as the need for seepage control is more important and requires

more extensive work.

24. Regular riprap absolutely should not be used with grout. Rock with all

dimensions greater than the grout thickness should be required and placed on

a firm subgrade. Grout should be placed with a low pressure grout pump and

small vibrators such that the voids to subgrade (below the designated surface

grout line) are filled. Generally, no bedding is required.

25. A large trench toe drain across the drop is required. For large vertical or

flat slopes, analysis may require other lateral drain trenches on the face.

26. The force analysis requires hydraulic profile analysis because the critical uplift

forces are inherently a function of this profile.
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problem are improving, but there are still many aspects that are only

qualitativel y understood.

15. Considering the numerous failures, and the difficulty of analysis, it is

recommended that sloping riprap drops not be used as a standard approach.

This is particularly true for the development community which generally cannot

afford the analysis time and the quality control effort.

16. There may be instances where this type of drop is acceptable. In such cases,

a thorough analysis should be conducted, using the information contained herein

as a minimum standard (see Section X, Equation X.9 and Figures X.14 through

X.17).

17. The Owner should be appraised of the probabilistic nature of the problem. The

question is not will the rock move, the question is, how much and with what

frequency the rock will move. The Owner is taking this risk unless the designer

takes it for him. The District is advised that it is not reasonable for it to

assume maintenance responsibility of rip rap unless the basic risk is reduced by

using a 1.5 safety factor in design and construction practices are improved.

18. If there is a s.trong insistence that this type of drop be continued, then

probabilistic and stochastic approaches should be developed for this particular

problem along the lines taken by Samad (ref. 4). Further basic research may

be necessary to support selected design standards. The point is to be able to

interpret what a given safety factor means in terms of probability for example

it could be stated that during a lOO-year flood a certain amount and size of

rock may move. For the interim, a 1.5 safety factor has been assigned as

suggested by many.

19. The vertical crest wall is of critical importance and should be considered with

the inclusion of a trickle channel. Vertical crest walls have saved numerous

projects from total failure. Practices to improve seepage control are suggested,

including filling an excavated trench with concrete and forming the wall only

above the rock subgrade. Seepage control is poor in fill along vertical walls.
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further. The flow in the basin area will be highly turbulent, and may

pose more problems than anticipated. The stacked boulder drops which

were investigated have not experienced many problems with stability, but

this situation may be different. Concrete side walls may prove more

desirable, and should not add greatly to the total costs.

10. Safety is a concern since the vertical crest wall cannot be fenced due to

hydraulic considerations. Signage and control fencing to discourage access to

the vertical wall is recommended. Owners should be appraised of this risk factor.

11. For small drop-heights it appears worthwhile to explore grouted stacked boulders

for the crest wall. Research regarding these drops is suggested. A

demonstration program, following the research phase would be helpful to refine

and develop guidance. The potential exists to realize further economy for low

drops while providing an aesthetic design.

Sloping Rock Drops

12. Construction problems related to riprap for sloping rock drops are nearly

overwhelming. The present guidelines should be discontinued because of the

low safety factor. The design was based on the concept that the rock would

rearrange and largely stabilize except for more severe events. This rearrange­

ment has been observed and is a significant problem in grass-lined channels.

13. Actual flow depth, energy gradient, drop slope (including its effect on safety

factor) and angle of repose of the rock utilized are all factors which need to

be considered. Improvements in these areas are suggested and sizing guidelines

are presented. They are based on a literature search and an approach which

combines the investigation of several researchers. The approach is also

supported reasonably well by case studies in Denver completed as a part of

this work.

14. Flow over sloping rock is complex, and makes design considerably more di fficult

than any other type of drop. One only has to review Section X and Appendix D

to begin understanding the complexities. The tools to deal with the analysis
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5. Riprap quality control and subgrade protection (bedding) are of concern.

6. This design is based upon the planned rearrangement of the riprap by the flow

of water, which forms a mound of riprap near the end of the basin. This forms

a secondary drop that at other flows may cause some problems with grass-
~.",,!

lined channels. Grading and trickle channel design downstream should take

this into consideration. Installations should be monitored to provide future

guidance in this area.

Vertical Hard Basin Drops - VHB

7. There are numerous examples of this type of drop (VHB) in the field. For

various reasons, a large number of configurations and materials have been used•.

This investigation suggests that the retaining wall be reinforced concrete or

sheet pile depending on geotechnical/seepage considerations. The basin may

be reinforced concrete, but it appears that grouted rock with sidewalls of

stacked boulders has advantages of hydraulic performance and economy.

8. The VHB drop appears to be the most economical for low drop heights. However,

all small drops (where critical depth is greater than drop height - see Section

X) have problems with the persistence of potentially erosive jets and waves.

9. There are a few aspects requiring ongoing monitoring which will likely lead to

future standard refinements. These include:

i) Review of the jump stability and measures taken to dissipate energy

(waves and jets in the trickle channel area), particularly the rough surface

of the grouted rock basin and the suggested use of meanders and boulders

in the trickle channel. The performance of boulders which are placed

to project a6'ove the basin into the flow path to act much like baffles

should be investigated. Experience and literature (ref. 4) supports this

as an effective dissipation mechanism.

ii) The suggestion that basin side walls should be made of stacked large

boulders (with riprap and conventional bedding layers) needs to be explored
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SECTION XV

CONCLUSIONS, COURSE CORRECTIONS AND

RESEARCH NEEDS

DROP STRUCTURES

Baffle (Apron) Chute Drops - BC

1. BC lXops have performed very well and have probably the best long-term value.

Although there are many instances where Vertical Hard Basin (VHB) and Grouted

Sloping Boulders (GSB) are more economical, they are subject to more

refinements (analysis, design and maintenance) in the future.

2. BC Drops are the easiest to design, practically the easiest to build with

conventional construction techniques, and the most reasonable in quality control

efforts.

3. BC Drops are probably the most hydraulically compatible with grass-lined

channels (or other channels with low tailwater conditions), that can function

well for a large variation in tailwater (high to low), the only drop that is

effective for varying bed conditions without construction of a massive buried

basin and one that can be fairly easily modified for radical changes in bed

conditions.

Vertical Riprap Drops - VRR

4. It is apparent that Vertical Riprap Drops are feasible, although there is not

an extensive number of structures in the Metropolitan area. It is suspected
l

that the reason for the small number is the structural requirements for a

retaining wall that has to be constructed to a greater depth to consider the

anticipated basin rock movement and seepage measures provide difficulties.
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MAJOR
CLASS

OTHERS

SUB
CLASS AESTHETIC PROBLEMS AND SUGGESTIONS PUBliC ACCEPTABILITY

---------_._._ ..--_ ..-_._ .._-_._-------._---------- ...-------_.__...--'---

SLOPING ----i--- SAF ---·_-:----------------------------Sloping Concrete Basins are very bleak because uf the large
CONCRETE i Saint at'eas of Concrete e'posed to View, Color addlt ,ves dnd

: Anthony exposed d99reagate ran mitigate, but little ran be dane.
ifalls Basin Some designs have bypassed low flows and put sad In the
: (Sloping basin with the intent that a maj or flood will wash the sod
: Basin out. Genet'ally they are to be avoided.
i.ith Saffle
: Blocks in The stilling basin can be used as a pool, but can become a
: Basin) debris and sediment laden basin.
: and
: Simi! iar
: BurRec
1 Basins
,,,,
, Conven-

tional

SOIL CEMENT, ------------------------------------------soi I Cement and Rollel'crete would generally fall in the
ROLLERCRETE rategory of Sloping Conct'ete Drops. subject to further

mit iagation such as surface treatments which tend to have a
little more variety.

6"lIrrally. the ",_reptability JS n,lt gOOd. rhr',"
structures would be d barrier to fish passdge. "no dre
not well liked by the envi,'comeota: communIty. Safety
is of concern because the hydraul ic jump is a trtip for
anyone that might b'y to float thl'ough the drop (even when
playing in lew flews as childt'en Will do) ai' fm' a pet'son
swept Into the dl'op. The provisicn of siBn, is advisable.

._--------_. __...._-----------------------

Generally. the acceptability is nat good. These
str'Llctures would be a barrier to fish passage, and are
not well lihed by the environmental com'nunlty. Salety
is of concern because the hydraulic jump is a trap for
anyone that might try to float thl'ough the drop (even when
playing in low flows as childt'en will do) 01' fot' a person
swept Into the dl'Op. The provision of Signs Is advisable.
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IlAJOR
CLASS

SUB
CLASS AESTHETIC PROBLEMS AND SUOOESTIONS PUBLIC ACCEPTABILITY

SLOPING --;--SINGLE---- ----------------------Sloping Grouted Rocks, using a single layet' of rock and
GROUTED : ROCK stacked boulders are aesthefics if the grout is held
ROCK : LAYER OOlttl and not readily visible, and if care is taken to QI'ient

: the boulders to fit together, and terrace with horizontal
I planes on the top. Random pieces which stick up in points
: and completly different shapes than other rocks look bad,
: while random ,'ocks which are hi gher and of a simil iar
: profile are attractive. Adjacent planting and
: non-linear edges can add to the appeal'ance. Matching grout
: color so it blends and doesn't centrast is an econOl1llcal
: measure, but one which also requires field testing fOl' the! rock being utilized.

I
I

:
I
;,
I,,,
I

:
:-STACKED--­

IlOlJ...IElS
Interlocked
and stepped

The public acceptability of these and the Stacked Boulders
is the best. The environmental community will likely be
pleased.

- .. .- -- - - - - - - - - - - -
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IlAJlJl
CLASS

SUB
CLASS AESTl£TIC PROBLE!'IS AND SUGGESTIONS PUBLIC ACCEPTABILITY

-STACKED-­
Bl:WElS

lInter locked
and stepped)

SLOPING -'--6RArfIJ--------- -Sloping Graded Riprap Drops are aesthetically IRO/'e appealing
RII'llAP ROCK than lIiIly of the other drops. However. this varies

considerably ",ith care taken during construction. If the
drop is haVing a lot of rock IIOVl!lIef1t. or large rock pieces
are protrUding to fori odd and cOllpletely 'unnatural'
profiles. then the appearance is poor. If the rock is lIl!ll
graded and placed. and holding together the drop begins to
rl!5ellble a rapid MIlich is appealing. Non-linear edges can
add to the appearance. Adjacent Landscaping. treatment of
the trickle Channel. and the absence of debris and sedillll!nt

--have a lot to do with a !JOOd appearanc~.

-IOlICK-- ----------- -Derrick stone and stacked boulder drops probably have a
STlJt£ greater potent ial for excellent aesthetics than all other

per Corps drops except for grouted boulders (and that is a toss-up
llar9l! depending on whether you like a lIIDI'e finished appearance and

bouldi!rs if the grout was well done). This is because the rocks can
over graded be placed to achieve lIDre of a cascade approach. that can be

riprapl related to a lDD\I1tain streall or river. and because the rock
still has soae randollness that is recognizable and fits
tosether. rather than being a j Ullble of dUlfled rocks.
Adjacent planting and non-linear edges can add to the
appearance. Safety Is nearly the best. with the key concern

-being the open voids.

The acceptability to the laYNn depends lar9l!ly on the care
taken during construction and the obvious stability of the
drop. The envirOlllllental cDlllllunity Nill generally prefer
rock drops over concrete. part icularIy if it lends
itself to wetlands. They may IlDrk Nith fish
passage. even Ilithout fish ladders. because there
are hollOllS and hydraulic conditions conducive to resting
and aHOIling the fish to set up for high "burst· speeds.
ine biggest Safety hazard is tripping or slipping ..nile
walk ing on the loose r·cck.

The public acceptability of these and the grouted boulders
is the best.
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I'IAJOR
CLASS

SUB
CLAS.S AESTHETIC PROBLEMS AND SUGGESTIONS PUBLIC ACCEPTABILITY

-------------------------------------_._.•- ...

VERTICAL --- --CONCRETE-------------------------------Vert ical hard basins using cn~crete basins can pntent i ally
HARD BASIN be verv bleak and extensive. However, this techni9ue has an
BASIN aesthetic and cost advantage over, say the SCS Vert ical

Basin because the side slQl>es in the basin can be landscaped
to near the base width of ~he channel. Simi liar
to other structures. appl'opriate detailing can help the
structures to be attractive. Relat Ively simple
archi tectot'al tpeatments can be 9uite effect ive such as
"buff" color additives, sandblasting and exposed aggregate.
Also, fot'm liners can be used. In most appl ications, plain
finishes are acceptable. An opportunity exists to make a
nice Ililter feature by projecting the tl'lckle channel invert
and prOViding a drip edge to prevent the nappe from
following the wall.

The st i 11 ing basin can become a nice pool. but it can be a
debris and sediment laden. One advantage of this
basin 15 that it can be desi!Jf1ed to completely drain, which
then tends to provide better self cleaning characteristics.
Also. there are opportunities to design public plazas, as
long as signs indicate the flood hazard to the public.
Landscaping makes a big difference.

--GROUTED-------------------------------Vert ical hard basins that ut il ize g,'outed rock basins
ROCK furthet' soften the design appeal'alice. Howevet', this depends

BASIN on a good deal of care taken during construction. If a
. plaza were to be incorporated, the rock would have to be

carefully selected to provide large flat horizontal surfaces
,lslabby rock) except for feature rock. Other aspects are
the same as the vert ical hard basins, with the exception
that the basin will be rougher and retains more debris.

-scs Nith-----------
Baffle
Blocks

in Basin

--Vertical Hard Basins utilizing the SCS Design lwhere thet'e
is a deepet' stilling basin, baffle blocks at the end of the
basin, and high vedicaI walls on the sidesl are
aesthetically Vl!t'y difficult to deal with because of the
large Nalls and the creation of a lat'ge hole enclosed by a
box. ArchitectUl'al treatments aren't as helpful because the
walls are enclosed. Fences and handrails on the side walls
add to the problem. Also. the view from downstream is 9uite
harsh as the walls project far above downstream channel
grades and there is little opportunity to landscape and use
plantings effectively.

FII'ther. the basin is deeper than others (except for SCS and
USBR sloping concrete basinsl. and is thus di ffic:ult to
drain. usuaIIy requiring a pipe system. It is very likely
to catc:h sediment and debris and becOlll! a nuisance.
especiaIly because of the SlIiIlI. closely spaced baffles

-(depending on the designl.

Generally, acr.eptability is good. but this also
depends on the ove,'all settiog. landscaping. and
architectural detailing. These structures would be a
bar'rie,' to fish passage, and are not well liked by the
environmental community. In an urban sett ing these
struct ures wi 11 be acceptable. with the except ion
that safety is of concern because children land some
adultsl will walk the crest wall. The provision of
sIgns and fences at the ends of the wall which
fOl'ce people to go upstream 0" downstream to cross the
channel is worth considering.

Genel'ally, acceptability is good, but
this also depends on the overall setting, landscaping. and
architectural detailing. These structures would be a
barrier to fish passage, and are not well liked by the
environmental communify lbut better than the all concrete
basins). In an urban setting these structures are
acceptable, with the exception that safety is of
concern because chila'en land some adults) wi Il walk the
crest waIl. The provision of si gos and fences at the
ends of the Ililll which force people to go upstream or
downstt'eam to Ct'oss the channel is worth considel'ing.

Few local installations exist. It is presumed that they
HOuldn't be neady as well received as many of the other
d/'ops. These stt'uctures would be a bat'rii!t' to fish
passage. and wouldn't be reviewed favorably by the environ­
mental community. Safety is of concern because of the
ct'est wall and the basin. The prOVision of signs
and fences at the ends of the wall which force people to go
upstream or downstream to cross the channel is worth
considering. If a person where swept into the basin, there
would be no easy escape route.

~- ~- --. -- ----, - - - - - -
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IlAJIll
CLASS

SUB
CLASS AESTHETIC PROBLEI1S AND SUGGESTIONS PUBLIC ACCEPTABILITY

BAFFLE ------------------------------------The baffle chutes are more interesting than sloping concrete
CHUTE 01' vertical drops with large concrete basins. but still can

be bleak and harsh to the ~uman eye and not fit Vfif'y well in
a soft or "natural" setting. Howevet'. intensive planting.
architectural treatMents of the baffles and sloping basin
using e~posed aggregate and "buff" color additives. and fOl'r.
liners which add te~ture or break up the uniformity of the
wall lllake a significant difffif'ence. In fact. there are
e~alllf'les in parks and greenways where the baffle drop, so
treated, is an asset.

VERTICAL --------------------------------------------With app.'opr iate detai ling vert ical riprap basins can be
RIPRAP attractive. Relatively SImple Architectural treatments can
BASIN be 9uite effective such as "buff" colo!' additives,

sandhlast ing and exposed aggregate, Also. lorm IiBers call
be used. But even wi th 'JOOd form work the walls are
acceptable. An opportunIty e'ist to make a nice wate.'
feature by prolect Ing the trickle channel inved anti
providing a drIp edge to prevent the nappe from following
the wall.

The loose riprap stilling basin can becllme a nice pool. bllt
ofhm beLomp5 tl dp.hri'i "rid ~if~dimpnl hrl~in. Takin9 f.r:\rll tn
con5ider maintenancE' access helps, and encGura9ins some
screeing (or concealing in terms of the dehdsJ can help.
Landscaping makes a big differance.

Genet'ally. acceptability is good. Howevfif', this also
depends on the overall setting, landscaping. and
a/'chitectural detailing. These structures would be a
ba.'rier to fish passage. and are not weli liked by the
environ,mental community. In an UI'ban setting these
stt'uctUl'es wili be more acceptable fOl' a perennial stt'eam.
Safety. in terms of being swept into the baffles. is a
concern. but no cases of people being hurt have been
reported to the District. Safety fences. rails 01' othl!l'
screening is needed at the Malls.

Generally. acceptability is good. but
this also depends on the overali setting. landscaping. and
a.'chi tectu.'a) detai Iing, These structures Hould be a
h,'"rlpr to fish passage. and are not well liked by the
EnVironmental CommunIty. In an ul'ban setting.
these slt'uclure, will be acceptable. with the
"",:er'ion th"t safety 15 of concern because
children (and some adults) Hili Halk the crest Hall.
The provision of signs and fences at the ends of the wall
which farce people to go upstream 01' downst!'eam to CI'OSS the
(hannel i' worth mn,;iderirog.
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MAJOR
CLASS

OTI£RS

SUB
ClASS

:-----------------------------------------..--------------------------------------------CONSTRUCTION CmlCERNS---------------------------·------------------------------------------------:
;------------COI'II'IENTS ON DIFfICULTY TO CONSTRUCT------------: :--MATERIALS AVAILlABILITY AND liUALITY CONCERNS---: :-----------------IlUALlTY CONTROL MEASURES AND INSPECTION----------------:

:--TYPE-: :-------------C!JtJCERN--------------- :

SlOPING --- --- SAF ---i--The cocnaents presented fOl' Baffle Chute are appropriate,
CONCRETE Saint : with additional concerns on reasures to provide drainage

Anthony : for the stilling basin and adequate transit ion ript'ap.
Falls Basin :

(Sloping :
Basin :

with Baffle :
Blocks in :

Basin) :
and i

Simi liar :
BurRec :
Basins :

:,,,,
Conven- -:
tional

SOIL CEIIENT.-----------------As the structures are a type of mass dam, seepage,
ROLLERCRETE foundation conditions, and stability of the stilling basin

are important concerns. Each of these t'equires spec ific
techniques of analysis and inspection.

The materials of construction, and placement techniques
vary. The quality control with soil cement is critical as
to cement content. moisture and the silt and clay content
(which lead to lower strengthl. Extensive quality control
tests are necessary.

Rollercrete is basically a technique which places 1011
moisture content concrete using earthwork equipment. There
are instances where this has been used for detention ponds.

See Baffle----------_·--------------------------------See Baffle Chutes -----------------------------------------------
Chutes

------------------------------------..-..-----------------Initial items which are especially important are site water control and
foundation conditions. The Engineer IIho established the design assumptions
and calculated the requil'ed cutoffs should inspect the cutoff for each drop,
and adj ust the cutoff for the condit ions encountered.

Dut'ing construction there are numel'ous items which provide the correct seepage
control and other cutoff techniques that may be called for. preparation of the
subgrade for the basin. installation of the proper drains and weeps in the
baSin, and extensive matel'ials testing.

------------------------------_.._-_.__.__....__._..

-- ~-- -- ---- -- .... -- ..- ----. - - ---- - - -
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/IAJOR
CLASS

SUB
CLASS

:--------------------------------------------------------------------..--------------- ----CONSTRUCTION CONCERNS"------ ------------------------------------------..-----------------------------1
:------------·COMNTS ON DIFFICULTY TO CONSTRUCT------------: :--/IATERIALS AVAlLIABlLITY AND QUALITY CONCERNS--": :------------------QUALlTY CONTROL MEASURES AND INSPECTlON----------------:

:--TYPE--: :---------------CONCERN---------------- :
-------_._--_._.__._._-_._-----

--STACKED---­
BOULDERS

Inter locked
and stepped

SLOPING --- :---SINf'''-E--- --The Sloping Grouted Rock Drops have good potent ial, but
GROUTED : ROC!( requi"es Significant control eHOt'ts. Grouting of the voids
ROCK : LAYER eliminates the lift potential because circulatIon under the

: rock is prevented. 1n fad. the hydrodynamIC fOt·ces are
: relatively minor. but seepage uplift forces are si",ificanL
: Seepage analysis is required to determine a compat Ible
: combination of cutoff depth, location of the toe drain or
: other drains, and the thickness of rock and grout.
: Rock problems with specific gravity, durablltty and hardness
: are of concern. Gradation problems al'e largely
: el iminated because all of the rock has to meet minimum
: physical dimensions and/or Hei!t'ts, which is much easier to
; obse"ve and enforce.

Tlte 9reatest ddnger lies with a "susar coated" ~l'()lJt joh.
where the grout doesn't penetrate the VOIds between the roc,
and the subgrade, leaving a direct piping I'oute under the
grout. This can easily occur when attempting to grout
graded riprap, thus the need to use rock that is thicker
than the grout layer so that the contractor' and the
inspectO!' can see and have 9t'out placed direct Iy to the
sUbgrade. The best balance appears to have rock 33 to 507.
greater in size than the grout thickness, but of an ove,'all
mass sufficient to offset uplift. Also, when holding grout
to this level. the appearance will be much bette,'.

The handl ing cf H'p large boul de,'S requit'es sk i lled manpowet'
and specialIZed equipment as discussed above for Stacked
Boulders. Equipment similiar to logging tongs, and
specially modified buckets with hydrau!lcally powered
"thumbs" have been provided io recent years which greatly
improve quality and placement rates. The careful placement
of stacked boulders, so that the upstream rock is keyed in
behind the downstream, and placed with a lat'ge flat surface
horizontal has been demonstrated to be sucessful.

The bottom line for Sloping Grouted Rock and Grouted Stacked
Boulders is that there are quite a fe~ sucessful examples
which illustrate great potential. In tact, the UnFCD
has often repaired nprap struct ures using
grout. On the other hand, there are examples of sugar
coated 9raded riprap and smaller rock drops which have
failed. In extremely erosive silts and fine sand, there are
examples of failures due to POOt' cutoH and poor grouting
(not penetrating the void under the rock), Grouted Rock is
also in the developing phase locally, and involves some risk
taking (but less than un9routedl that appears worthwhile,

Riprap

Grout

Othe,'
Hems

Hardness is of concer'n because the t'och
is subj ect to f'ough handl ins and impact
Im'ces,

Durability concerns are:
oxidation, weathering (freeze lha"
tests), and leaching or dls50]VlflS
by water,

FractuJ'ing, which leads to odd Of'

undesirable shapes, is to be aVOIded.

Seams 01' other discontinuities that
lead to breaiwp Dt' undesil"able shapp'.i
and damage dur JnS handl ing.

Geologic type is impO!'tant;
sedimentary ,'ocks are undesirable,
Often, volcanic rork has low density
p,'oblems.

Density of the rock requir'es spPC If,r
dens! ty tests,

Availiability can be a problem because
quarries presently stodpile lal'ge,'
boulde,'s as they OCCtll' in narmal
operat ions, thus quarries warn that
production can be slow, This firm
hasn't experienced pt'Oblems WIth thl",
but have had problems with underSIZed·
material when speciflcations weren 1 t
clear on minimum dimensions in all iL~es.

Cement Content and type is ""pm'tart
for strengtr, dnd durabilH.,·.
Aggregate repr"es£?nts arl if!:pw~tant

tt~adEoff b(~twPf?n strenq~~ Iduf at:! i ~ l ~-\'

and workability. Wat~'- co:;L~nt ~ffects
another tradeoff bet weer, wOt'kab i I it v and
strength and also greatly influences
shrinkage cracking. There are synthetic
fiber's which can be mixed in, which
aids crach contl'ol and dUI'ability.

See descriptions for conn'ete. reir,­
for[in~, and mdtet'ials fot' dt'rlH15.
Sheetpl1e comes 1" many conh9urat lO"S
aod, in part icular', i oint detai Is. It
requires both geotechnical, structul' aI,
hydraulic and driving e:<pertise. See
dIscussion under Derrick Stone and
Stacked Boulders.

Preconst,'uctioo items include an intensive t'eview of the basic technique for
cutoff construction, seepage contl'al un de,' the S"outed rock, placement of
lhe rock, placement of the grout including pumpwg, grout flow control (off,
on, and rate) and vibration, and additives inclUdIng fibers for shrinkage
crack control, toughness and color additives. A significant eHort is
needed in the a,'ea of rock quality control (see discussion on sloping graded
riprap and stacked boulders). The problems with fracturing and seams,
leading t a rock splitt ing, needs to be carefully reviewed and a hard line
with the quarry taken.

Initial items which are especially important are site water control,
foundation conditions, cutoffs, toe drains and other drains and cutoHs that
may be required for a padiculat' design. The designer should inspect the
sub9"ade ard cutoff b'ench to see how it compares fa design asslJllptions, and
appr'oprlal'e adjustment st1Duld be made. As with at he,' large boulder drops,
it is preferable to locate the cutoff upstream to allow the construction
a,'eas to be separated.

Specifications should intlude reqUirements for orderly ~rocedures and
app,'apriate equipment. Difficulty in placement shouldn t be allowed as an
excuse. The tae drain and othe,' dNins should be placed and
protected from contamination, particulaf'y when the grout is placed latter.
SpecilicatlOns should include requi,'ements for appropriate equipment, both
for rock and grout placement. DiHiculty in placement shouldn't be allowed
as an excuse. The work is similiat' to gt'aded t'iprap, but major cat'e has to
be taken to a,'range matching faces, to key in upstream ,'ocks below the tops
of downstream rocks, and 0" lent exposed faces as desired (top slJ'face
horizontal seems to be preferable for both aesthet ic and hydraulic reasoos).
It is important to get gond placement for the trickle channel and so there
is no secondary drop. It is a good idea to meander the trickle channel in
the basin and allow even larger boulders to obstruct the flow to
dissipate the stronger jet there (much like the baffle block drop,

The key to success is: to use l'ock that is no smaller in any dimension than
the desi,'ed grout thickness (so that one can fully penetrate the voids),
to pump and place the g,'out with a oozzle that can go to the subgrade.
to have good control of the grout mix (too wet creafes shrinkage cracks and
stabll itl' problems on slape, too d;'i leads t,1 poOt' penetr'ationf. to place the
crout to the desired thickness (a minimum is needed for uplift. and placing
too much IS unattractive and smooths out the roughness of the drop which is
needed to prevent the I urnp from washing downstream), and to vibrate
using a "pencil vibrator" to penetrate the voilis between and under rock.
During g,'outing, it is impOt'tant to protect the toe dr'ains. With care it is
not necessa,'y fa get gl'ou! on the top of the rock, but any spillage should
be washed oH (a small amount of water won't hurt the grout between rock),
If a massive amount of cleaning is necessary, the grout is too high. A
Hood float leaves a nice finish, but the vibrator ~lll gene,'ally leave a
satisfactory appearance with some touch-up. Full time lnspectloo is reqUired
dut'ing g,'outing, as is pel'iodic inspection during the t'ock placement depending
upon the performance of the contrador and the aesthetic appearance desired.

...._.------_._-----
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I'IAJOR
CLASS

SUB
CLASS

:---------------------------------------------------------------------------------------CGNSTRUCTION CONCERNS- ------ -- --- _.--- -----------------_.----------------_.---------------------------------:
:------------COMl1ENTS ON DIFFICULTY TO CONSTRUCT-----------: :--MATERIALS AVAILIABILITY AND QUALITY CONCERNS---: :------------------QUALlTY CONTROL MEASURES AND INSPECTlON-------------------:

:--TYPE--: :--------------CONCERN----------------:

:-STACKED---
BOULDERS

<Interlocked
and stepped)

{CONTlMJEDl

rates through the voids. The sheetpile used by the Corps
manages this problem for Derrick Stone. Stacked Boulders
belOlO Culverts are successful because the culvert provides
seepage control. Grouted rock and slurry cutoffs have been
successful. The careful placement of stacked boulders,
such that the upstreaJII rock is keyed in behind the
downstream, and placed with a large flat sul'face hot'izontal
has been deIIlonstrated to be suc:essfuJ. There is a 9I'eater
degree of stabi lity with angulat'!cubical quart'y t'ock than
rounded river boulders.

Stacked boulders are attractive with a little care and Othet'
guidance dU'ing installation. Basically, both are options Items
still in the developing phase locally, and involve some risk
tak ing that appears worthwhile.

Availiability can be a problem because
quarries presently stockpile larger
boulders as they ocm' in nat'mal
operat ions, thus quarl'ies warn that
production can be slow. This fit'm
hasn't experienced p,'oblems with thiS,
but have had problems with undersized
matet'ial when specifications wet'en't
clear on minimum dimensions in all a>:es.

See descriptions fot' conCt'ete, ,'ein­
forcing, and grout as used in cutoffs.
Sheetplle comes in many configurations
and in pat'ticular joint details. It
requires geotechnical, structural,
hydraulic and driving expert ise to
evaluate compatible soils condit ions,
driving conditions and driving
equipment, and the correct pile sect ion,
materials characterist ics (eg. Cor-Ten
for corrosion resistance), and strength
characterist ics.

distut'b and seepage cutoffs. Landscape treatments make a BIG DIFFERENCE. so
take care and work with experienced professionals.

-- -- - - - - - - - - - -
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I1AJOR
ClASS

SUB
CLASS

l-------------------------------------------------------------------------CONSTRUCTION CONCERNS----------------------------------------------------------------------------:
:----------C011I1ENTS ON OIFFICULTY TO CONSTRUCT-----------l :-I1ATERIALS AVAILIABILlTY AND QUALITY CONCERNS---: :------------------QUALlTY CONTROL I1EASURES AND INSPECTION--------------:

:--TYPE-: :---------------CONCERN----------------:

-See Section Xand Xll for further discussion.

Ihl' hllJ~I':,t prub!pm fu!" !:;tdC!<lll! lllJuldl'~·'.:' dDlllJI.'r'rllh StOlll'
IS for potential headcuttln9 cous?d by' li,rljf.' potential flow FInish wor"i\ Incluties rcH\Qf" trar.sitlOfl rod placement including care not to

Preconsh'uct ion items include an intensive t'eview of the basic technique for
cutoff construction. As with 9I'aded riprap. the mast critical effort has to
be in the area of rock quality control (see discussion on sloping graded
I'iprap). The p,'oblem with ft'actudng and seams, leading to rock splitting
needs to be ca,'eful!y ,'eviewed and a ha,'d line with the qual'ry taken.

Initial Items which a,'e especially important are site water' control,
foundation conditions, and the potential for headcutting. This ,'equires
~ore effort than sloping gf'aded t'iprap. The best hint IS to move the cutoff
upstream to allow the construction a,'eas to be separated. Qt' use a large
zone of well S"aded and densely packed graded ,'ip,'ap depending on site
condit ions.

Spec I! Icat ions should inC 1ude ,'eqult'ement s for ol'det'ly pl'ucedures and
app,'opnate equipment. Difficulty in placement shouldn't be
ailuwp,l ,I', an e:«lIsP. the wOt'k IS Slmillar to graded rtpr'ap. but ..ajar care
has to ~e taken to arrange matchin9 faces. to key in upstream rocks below
rlo"nst/'earn rods Ifor stacked boulders. tops are flush along the slope for
~errtc, S'une'. and orIent e,pos£>d fil(es as deSIred (top surface hOrizontal
for Stacked). It I, ImpQt'(ar.\ to get good p]-lcement for the trickle channel
cJil!1 ';il Ihp.I'F-,l is fW s~rnnd"i(1 r1nJr.

Pt'econsft'uttion itl!llls include a brief check of any reinforcing steel and
concrete mix. The basic technique for cutoff construction should be
reviewed to assure that cutoff will be achieved. The IIlOSt ~ritical
effOt't has to be in the area of rock qualit¥ control. This should
inclUde laboratory tests of hardness. durabIlity and density.
Particularly on projects greater than 5000 tons. tests should be
performed for the partiCUlar project, rather than relying an previous tests.
l1an¥ quarries have problems with fracturing and seams, that leads to rock
sphtting into smaller pieces by the time the rock is placed at the site.
This t'equit'es quarry and field lIIonitoring, and disapproving a quarry for
part icular types of proj ects (those using larger stone).

Initial itl!llls which are especially impot'tant are site watet' control and
foundation conditions. The Engineer who established the design assumptions
and calculated the requit'ed cufoffs should inspect the cutoff fOt' each drop.
and adj ust the cutoff for the conditions encountered.

During construction, the crest cutoff wall needs to be properly graded for
good crest control. and constructed and backfi lied for seepage control. It
IS ct'itical to test the gradation of the subsoil. and confirm the gradation
of the bedding to be installed. The bedding must be properly
placed. Then a major effort is required to sustain quality control at the
quarry and at the site. The key items would include actual gradation tests,
preservat ion of a test pi Ie. and placed test samples, use of photographic
comparisons using a large plastic overlay grid of the approved rock both in
a stockpile and placed condition.

GREAT care has to be taken to assure that the largest pieces end up on the
sut'face with the tops flush to finish grade. They should act as anchors.
with othe.' larger pieces evenly intersperced with voids filled with a well
graded mixture of the remaining pieces between. The concept is to have a
fight formation with a minimization of voidS. creating a solidly packed mass.
Akey concept is to have material on the surface that isn't saaller than the
d50. because the theories of tlIOvement and pratt ice have demonstrated that
smaller material will be quickly moved. This is a friendly battle at best!
It is impo,'tant to get good placement for the trickle channel and so there
is no secondary drop.

Finish wa,'k includes minor transition rock placement with care not to
distut'b seepage cutoffs. l.andscape treatments make a BIG DIFFERENCE, so
take care and work with experienced professiqnals.See descript ions for concrete, rein­

forcing. and !ll'out as used in cutoffs,

Ha,'dness is of concern because the ,'ock
is subject to rough handling and impact
forces.

llPJl~llty tit tIll' r·t",-l~ rf't~UlnJ~J ~'PI'II'll

dp.nslty tests.

Gelliog". type IS ,mpllrtant;
sedimentary r8(", are unrlesirable,
OHE'o. I/olc2Irdr r'olk has low dE'flSi t t
problems.

Durability concet'Os are:
oxidation, weathering (freeze thaw
tests). and leaching Ct· dissolving
by water'.

Ft'acturing which leadS to odd at'
undesi,'able shapes is to be avoided.

Seams or other disront inuities that
lead to bl'eakup O!' undesJt'able shapes
and damagp dllriog h;U1dllng.

Hardness is of concern because the rock
is subject to rough handling and impact
forces.

Dut'abi lity concerns are:
oxidation. weathering (freeze thaw
tests), and leaching or dissolving
by water.

Fracturing which leads to odd or
undesirable shapes.

Seams or other discontinuities that
lead to breakUp or undesirable shapes
and damage during handling.

Geologic type is important;
sedimentary rocks are undesirable.
Often, volcanic rock has low density
probletllS.

Density of the rock requires specific
densi ty tests.

Gradation of riprap is critical. with
maj or descrepanc ies common in the large,'
sizes. Eyeballing a gradation is
unrel iable, and a maj or source of error.

Availiability can be a problem because
quarries cannot keep large stockpiles
of every gradat ion.

Other
Items

Riprap

Riprap

The handling of the large boulders t'equires skilled manpower­
and specialized equipment. HandlIng Mith an ordinary
backhoe is generally inadequate because it can't orient
the boulde,'s fOl' the best match of abutt ing ,,,dare; (to
m1111 Inn' voids) I dnd 10 ,uhwvf.' de,,~jrpd ':iIWf,)(P IlI'lI:'11trtl 11111.

E~lllf'lllent simillar loJu~91n9 ton~~>l dnd spr.·udlly moolllPd
buckets with hydraulica]:y powerer, "thumhs" have been
pro'/l ded in rpcent yeal'C::. which gr'eal 1y Ilnpr-rJvP 'iua} i t Y lind
placement rates.

--STACKED---­
BOl.UlERS

(Inter locked
and stepped)

--DERRICK--- --The derrick stone and stacked boulder approaches have 1II0,'e
STlH: promise for successful construction than graded riprap. but,

per Corps have the same problems with specific gravIty.
!large durability and hardness. The \J'adat ion problems are !a,'gely

boulders eliminated because all of the critical sudace layer's have
over graded to meet minimUl!l physical dimensions and/Ct· weights. which

ript'ap) are much easier to observe and enforce. The problems with
bedding layers are worse, because a layer of graded r iprap
needs fa be provided as a intermediate bedding layer ave,'
the gr'avel size bedding layer.

SLlPING - ---GRAIEJ-- -Sloping Ript'ap Drops are the easiest drops to construct
RIPRAP RlJCl( incorrectly and, at best, are the drops that will still

fail even i41en all parties involved are trying their best.
They are beset with quality prablt!llS in terms of rock that
deteriorates; rock that is undersized; rock that doesn't
meet specific gravity specifications! and gradation
requirements that are not met. Rock installation is
di fficult in regard to measuring performance and
maintaining cansistancy.

Either at the quarry or in the field. a change in manpower
can result in changes in quali ty. There are great
variations in what is acceptable to one inspector from the
next (and the desi!Jl engineers), and definitions such as
Nl!ll graded, voids chin~ed. and placement grades are widely
interpreted. Unfortlllately. this combines with a technical
situat ion where a very camp lex phenomena leaves many
unknolll1s, and. thus, guesswork and jUdgements based on
experience are made. <This is not a criticism of anyone.
but a simple reco!Jlition that a cllllf'letely satisfactory
technology does nat exist. thus the need to go on
experience). Amisunderstanding occurs because of the term
dumped riprap. that one can back up the truck. dump it and
grade it out. This is NOT what is required. At the quarry.
SEgregation is an automatic occurrence. The operator
atfl!llflts to mix by eyeball selection from different parts of
or piles of sizes. Hauling and dumping again results in
SEgregation with larger maferial on the bottom. Thus. in
the held. great care is required to redistribute the rock
to a graded mix, where there is a good distribution of
larger pieces on the surface to anchor and support the other
sizes.
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:----------------------------------------------------------------------------------------CONSTRUCTION CONCERNS---,-----------------------·-~--------------------------......- ...; ..--------------------;
:------------CDMIlf.NTS ON DIFFICUlTY TO CONSTRUCT-------------: :--MATERIALS AVAILIABIUTY AND QUAl.1TY CONCERNS---: :------------------QUALITY CONTROL MEASURES AND lNSPECTION------------------:

:--TYPE--: :---------------CONCERN-----------··----:
._--_•......• - -.-.._.._,--------_._----------

Preconstr'uction items include all of the items under baffle chutes for
concrete wal'k, with effort emphasized for seepage control and measures
r'elated to the stability of the basin, whether' It be reinforced conct'ete or
gl'outed rock.

Initial items which are especially important are site water c.ontrol and
foundation conditions. The engineet' who established the design assumptions
and calculated the required cutoffs should inspect the cutoff for each drop,
and adj ust the cutoff for the condit ions encountered. Any architectural
test samples should be completed and approved, along with all coatings,
weathet' protect ion or other items which could affect appeal'ance.

During construction there are numerous items which require checking
inclUding those described for both baffle chutes and sloping grouted roc~

plus the following: careful backfill of the wall to provide tne correct
seepage control and other cutoff techniques that may be called fOI'.
preparation of the subgl'ade for the basin, installation of the proper drains
and weeps in the basin. steel and concrete placement including construction
and expansion joints in the concrete basin, and propel' rock and grout
placement for grouted rock basins,

Fioish Hark includes minor tt'ansition rock placement taking care not to
disturb seepage cutoffs, linings or drains. It is important to get good
placement so that flow is directed into the trickle channel and so there is
no secondary crop. landscape and architectlral treatments make a BIG
DIFFERENCE. so take care and work with experienced professionals.

The major concern is st,'ength and
ability to resist weather'in~. AgQ,'ega!e
strength and durability is Impat'tant,
along with color and shape for exposed
aggregate for architectural treatments.
and concrete color additives.

Usually not a problem unless the wrong
grade of steel brought to job, Qt' site
conditions are conducive to corrosion.

See discussion under sloping riprap
drops, but qual ity in terms of
material integrity, size, and gradation
is alway of concern.

The quality of grout is critical. If
the slump IS too high, grout strength
will be weak and shrinkage cr'acks will
multiply. If too low, placement is
more di fficult and voi ds underneath
can ino-ease, setting up • piping
failure. Adequate rock size and
elimination of all rock smaller
than the grout thickness can be of
concern for delivel'y schedule, expense.
and handling (although this more often
turns out not to be frue).

Arch- Coatings are always subject to quality
itectural concerns, which are compounded by
Items substrate conditions.

Riprap

Landscape Plantings are subject to a wide variety
Items of quahty and size.

Concrete

Grouted
Rock

Rein­
forcing
Steel

The bottom line is that this type of structure has a .
IIlOderate level of difficulty. The wall. once foundation
conditions are addressed, is easy. It is very possible for
the construction of the seepage control and earthwOl'k to 90
awry and problems undetected until the time of failure. The
flat concrete or grouted rock placement is easier for the
contractor than sloping or other rock drops, but again poor
placement and undetected subsoil, bedding or rock problems
can result in failure. Thus, it is easiet' than many others
to build but susceptible to SOIlll! hidden risks and problems,
and sudden failures (but less than vertical riprap drops).

--GRDUTED---­
ROO<

BASIN

VERTICAL -- --CONCRETE--- --The foundation and seepage concerns are very crit ical with
HARD BASIN regard to the vertical wall. It is not as critical as fo,'
BASIN the Vel' tical riprap drop. but poor construct ion and seepage

control can result in sudden failure. The use of caissons
or pile can mitigate this effect. Put in cOllparative terms
with the baffle chute, seepage problems "111 result in
displacement of the vel'tical wall with no warning, whet'e the
box like structure of the baffle chute may evidence some
IIlOvement or crac~ing but not total failure and allow time
fOl' repairs.

The quality control concerns and meaSUt'es for reinforced
concrete are described under baffle chutes. The foundat ion
concerns for the wall are cri tical as descr ibed above. The
subsoil conditions for the basin are also important so that
the basin concrete or :gt'outed ripl'ap is stable against
up IiIt pressures.

See Sloping Grouted Rock .for concerns. The key concern is
seepage relief and adequate thickness. The roughness of the
basin is useful in shortening the basin, but it is difficult
to control the contractor from overplacement, particulaf'ly
if he is on a unit pl'ice basis.

-scs with-­
Baffle
Blocks

in Basin

....._------,-------------------------

-- -- -- - - - - - - - - - -
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:----- ------------------------------------------------------------COOSTRUCTION CONCERNS-----------------------------------------------------------------:
:----------COl'!I1ENTS ON DIFFICULTY TO CONSTRUCT------------: :--llATERIALS AVAILIABlLITY AND QUALITY CONCERNS---: \------------------QUALITY CONTROL MEASURES AND lNSPECTION---------------:

:--TYPE--: :--------------CONCERN---------------- :

Riprap

Rein­
fOt'cing
Steel

Riprap

Rein'
forcing
Steel

BAFflE -----------There are numerous steps necessary, but they are easily
ClUTE controlled by a contractOt'. For quality

control and lnspection there are consistent, measurable. and
repeatable standards to apply. except for foundation
problems; and the usual problems Hith riprap,
that it isn't usually as critical to the entire
structure.

There are problems in detailing the finish Hork Hith regard
to architectual and landscape treatments. ForlllHOl'k, form
ties, and seal coatinss can leave a poor appearance,
and surface finishes are often botched by personnel (both by
the contractor and inspectors) not fami !Jal' Hi th the
appropriate techniques.

In sUlllJllary. this type of structure is the more successful
as fal' as performance and is stl'aightforHal'd to consh'uct.

VERTICAl. -----------------The foundation and seepage concel'ns are vel'y critical with
RIPRAP regard to the vertical wall. It is also generally more
BASIN crlt ical than an equivalent drop for a vertical drop

into a hard basin because the riprap basin may scour and
reshape, leaving less supporting matedal on the downstream
side. Thus. if seepage is Horse than anticieated, backfill
is poor, or if seepage control measures aren t funct ioning,
an immediate and severe structlre stabil ity problem can
occur. The use of caissons or pile can mitigate this
effect. Put in cOlllParitive terms with the baffle chute,
seepage problems will result in displacement of the vertIcal
w.1I with no warning. whl'l'f' the bnx like st"uel urI' of Ih"
baffle chute may eVIdence some movement a'' crackIng but not
total faillre which "iII alIOM time fOt' repairs.

There are numerous concerns with riprap. They al'e dest,'ibed
under sloping riprap. The problem here with undersized
material is again that the basin will reshape differently
and result in stability problems fOt' both the wall and the
basin.

The bottOll line is that this type of structure has a
IIOderate level of difficulty. -The waU, once foundation
conditions are addressed, is easy. It is very possible for
the construct ion of the seepage control and earthwork to
go awry and for proble.s to go undetected unti I the t ille of
failure. The flat riprap placE!llent is easier than
sloping or other rock drops, but again poor placement and
undetected subsoil. bedding or rOCk pl'oblems can result in
failure. Thus. it is easier than Nny others to build but
susceptible to hidden risks and probll!lls. and sudden

Concrete The majol' concern is strength and
ability to resist Heathering. Ag91'egilte
strength and durability is Important,
along with color and shape for exposed
aggregate for architectural treatments,
and concl'ete color additives.

In the coming yeal's, Hith the neH
airport construction, availability could
become a concel'n, but this is not a
problem now.

Usually not a problem unless the hrong
S"ade of steel bl'ought to job, or site
cundItions ilr(l CUndU[lV(I to c:orrOSlon
problems.

See discussion under sloping riprap
riprap dt'ops, but qual ity in tel'ms of
material integrity. si ze, and gradation
is alway of concern.

Arch- Coatings are a IHays subJed t u qua III y
itectural concel'ns. which are compounded by
Items substrate conditions.

Landscape Plantings are subject to a Hide variety
Items of quallty and size.

Concrete The majot' concel'n is strength and
ability to resist weatherin~. Aggregate
strength and durability is Imporlant.
along with color and shape for exposed
aggregate (Ot' architectural it'eatmen!s,
and concrete color addi tiYes.

In the coming years. Hi th the new
airport consfruction availability
could become a concern, but this is
not a prob Iem nnw.

Usually not a prObleM unless the hl'ong
grade of steel brOUght to job, or site
conditions are conducive to corrosion
problems.

See discussion under sloping riprap
drops, but quali ty in tel'ms of
matedal integl'ity, size, a"d gradat io"
is alway of conce'n.

Arch- Coatings are always subject to quality
itectul'al conce,'ns, which is compounded by
Items substrate condit ions.

landscape Plantings are subject to a wide val'lety
Items of quality and size.

Preconslt'uction items include shop drawings for reinforcing steel. forlllllork
patterns and ties. concrete design mix and I'elated tests. color additives or
coatings (always caU for the red tinted sealant, not the white as the red
dries clear· and is not nearly as harsh). and architectural tl'eatments such
as form liners, handrails and fences.

Init ial items which are especialIy important are site water control and
foundation conditions. The Engineel' who established the design assumptions
and calculated the reqUired cutoffs should inspect the cutoff for each drop,
and adjust the cutoff for the conditions encountered. Any architectural
test samples should be completed and appl'oved, along with aU coat ings.
weather protection or other items which could affect appearance.

Oudng construction there are numet'ous items Hhich ,'equire checking
1Oclud1Og: Hater control, rebar placement. formwork. tie placement. Heep
holes and drains, form release coatings and form cleaning before concrete
placement, conc,'ele placement and testing' weather protection. form rellOval,
sealants. tie hole treatment. concrete finish work. and earthwork
(especially that related to seepage control. There are many items. but they
are easily and quickly checked.

Finish WOt'k includes I'ock placement. Take care not to disturb
seepage cutoffs, linings 01' dt'ains. Ri.prap quality control is best
descrIbed undet' the ripNp dt'ops. but it is impol'iant to get good placement
so that HOM is directed into the trickle channel and so there is no
secondary drop. Alternat ive sti lling basins of reinforced concrete or
gl'outed rock need to adlt'ess the same concerns. Landscape and architectUl'al
freatments make a BIG DIFFERENCE. so take care and work with experienced
pl'ofessionals.

P,'econstruction items include all of the items under baffle chutes for
concrete work plus all the itells related to riprap as described under sloping
riprap drops. especially as to size of material and cOlllpat ible bedding
material for the riprap and the actual soils encountered.

Initial items which are especially impodant are site wate' cooll'ol and
foundation conditions. The Engineer who established the desilJl ass~tions
and calculated the required cutoffs should inspect the cutoff for each drop.
and adjust the cutoff for the conditions encountered. Any architectural
test samp Ies should be completed and approved, along with all coat ings,
w~ath~r pl'olect ion or olh~r .tems which rould affect appearance,

DUt'ing construction. there al'e numet'OUS itellli Hhich re~uire checking
including those described for both baffle chutes and sloping riprap plus
the follOWing: careful backfi 11 of the structure to provide the correct
seepage control and other cutoff techniques that lay be calII'd for. The
riprap and bedding placement should comply with the sizes and types called
for, thus gradation tests of both are essential. Eyeballing doi!sn't Hork.

Finish wOl'~ Includes rock placement including cal'e not to disturb
seepa~e cutoffs. linings 01' dl'ains. Riprap quality control is
descl'lbed unde' sloping riprap dl'lJ<Is, but it is important to get good
placement so that flOM is directed' into the trickle channel and so there Is
no secondary drop. landscape and architectut'a! treatlllellts lIIake a BIG
DIFFERENCE, so take care an~ wark with experienced professionals.
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-~--------------------------------- •.---------------------------------FLOW AND DROP I£I6HT SUITABILITY MATRIX----------------------------------------------~---------------

2 FT. ---Hydraulically OK but cost economy doubtful except ----Hydraulically OK but cost econom)' doubtful except ----H,'draulically OK but cost economy doubtful except ---
for difficult situations. fOl' difficult situations. fo/' difficult situations. Contt'action lllay help.

4 FT. ---Application doliltful because of basin depth. poor ---Application doubtful because of basin depth. poor ----Application doubtful because of basin depth, poor --
adaptability to de9l'aded bed. safety. and economy. adaptability to degraded bed. safety. and economy. adaptability to degraded bed. safety. and econOlQY.

6 FT. ---~pplication doubtful because of basin depth. poor ----Application doubtful because of basin depth. pOOl' ----Application doUbtful because of basin depth. poor ---
adaptability to de9l'aded bed, safety. and economy. adaptability to degraded bed, safety. and economy. adaptability to degraded bed. safety, and econOlQY.

8 FT. ---Application doubtful because of basin depth. poor ----Application doubtful because of basin depth. poor ----Application doubtful because of basin depth. poor ---
adaptability to degraded bed. safety, and economy. adaptability to degl'aded bed, safety. and economy. adaptability to degraded bed. safety, and economy.

--- 12 FT. ----Application doubtful because of basin depth. poor ----Application doubtful because of basin depth. pOOl' ----Application doubtful because of basin depth. poor ---
adaptability to de9l'aded bed. safety. and economy. adaptability to degl'aded bed, safety, and economy. adaptability to degraded bed. safety, and econOlllY.

SLOPING --1--- SAF --------
CONCRETE 1 Saint

: Anthony
IFalIs Basin
: <Sloping
I Basin
lllith BaHle
: Blocks in
1 Basin)
: and
: Si.iliar
: BurRec
: Basins,,,,,,
: Conven-

tional

SOIL CEl'IENT. ---------------
ROLlERCRETE

I£I6HT

I£IGHT

o TO 500 CFS

o TO 500 CFS

500 TO 7500 CFS

500 TO 7500 CFS

7500 TO 15000 eFS

7500 TO 15000 CFS

2 FT. ---Special Situation depending on site. situation ----Special Situation depending on site. situation ----Special Situation depending on site. situation
and materials. and materials. and materials.

4 FT. ---Special Situation depending on site, situation ----Special Situation depending on site, situation ----Special Situation depending on site, situation
and lllateriais. and materials. and materials.

6 FT. ---Special Situation depending on site. situation ----Special Situation depending on site. situation ----Special Situation depending on site. situation
and materials. and materials. and materials.

8 FT. ----Special Situation depending on site. situation ----Special Situation depending on site. situation ----Special Situation depending on site, situation
and materials. and materials. and llIaterials.

--- 12 FT. ----Special Situation depending on site. situation ----Special Situation depending on site. situation ----Special Situation depending on site. situation
and Materials. and materials. and materials.

----------_.._---_._----------_._---_._- -----_._--_._-_ - ..__ ..--.._-.--.

- - - ;- - - - - - - - ----..
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--------------------------------------------------------------------------FLOW AND DROI' f£IGHT SUITABILITY MATRIX----------------------------------------------------------------

2 FT. -Yes. Takes extra effort in construction.
Seepage control is important.

4 lOT. --Yes. Takes extra effort in construction.
seepage control is important.

6 FT. --Yes. Takes extra effort in construction.
Seepage control is important.

8 FT. ---Yes. Takes extra effort in construction.
Seepage control is illportant.

--- 12 FT. ---Yes. Takes extra effort in construct ion.
Seepage control is important.

SLOPING --- ---S1IRE-------
GROUTED ROCK
ROCK LAYER

HEIGHT o TO 500 CFS 500 TO 7500 CFS

---Yes. Takes exh'a effort in construction.
Seepage control is illlportant.

---Yes. Takes extra effort in construction.
seepage control is ililportant.

--";utoff and Seepage is critical. Effort requires
soils testing, seepage and quality Cont,'O!.

----Cutoff and Seepage is critical. Effort requires
soils testing. seepage and quality control.

---cutoff and Seepage is critical. Effort I'equil'es
soils testing, seepage and quality Contl'O!.

7500 TO 15000 CFS

---Yes. Takes extra effort in construction.
Seepage control is important.

----yes. Takes extra effort in construction.
Seepage control is important.

----Cutoff and Seepage is critical. Effort requires
soils testing. seepage and quality control.

----Cutoff and Seepage is critical. Effort requires
soils testing. seepage and quality control.

----Cutoff and Seepage is critical. Effort requires
soils testing, seepage and quality contra!.

--STACKED------­
BOllIJERS

Inter locked
and stepped

._---.---
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------------------------------------------------------------------------FLOW AND DROP HE IGHT SUITAB IL ITY NAIRI X------------ ---------------------------.-----------------------

._--_._-_..._..•. __._._-------_._--------------
SLOPING --- --GRAlEl------
RIPRAP ROCl(

HEIGHT oTO 500 CFS 500 TO 7500 CFS

-----------------
7500 TO 15000 CFS

2 FT. ----yes. Takes extra effort in constl'llCtion. ----yes. Takes extra effort in constt'uct ion. ----yes. Takes extra effort in coostruction.

4 FT. ---Yes. Use flatter slopes, 6·- 10 hor. to 1 vert. ----yes. Use flatter slopes. 6 - 10 hOI', to I vel't. ----yes. Use flatter slopes. 6 - 10 hOt', to I vel't.
advisable. Takes exb'a effort in Construction. advisable. Takes extl'a effort in Construction. advisable. Takes extl'a effort in Coostruction.

6 FT. ----Possibly. for I'undowns and local drainare. Take ----No. ----No.
care on rock sizing and slope. and cons ruction.

S FT. ----Possibly. for ,'undowns and local drainare. Take ----No. ----No.
care on rock sizing and slope, and cons ruction.

12 FT. ----Possibly. for rundowns and local drainare. Take ----No. ----No.
care on rock sizing and slope, and cons t'uct ion.

2 FT. --Yes. Takes extra effort in construct ion.
Allows a shorter drop length if seepage handled.

4 FT. --Yes. Takes extra effort in construct ion,
Allows a shorter drop length if seepage handled.

b FT. ----Possibly. for rundowns and local drainage. Take
care OIl rock sizing and slope. and construct ion.

B FT. ----Possibly, for rundowns and local drainage. Take
care on rock sizing and slope. and construction.

--- 12 FT. ---Possibly. for rundowns and local drainage. Take
care on rock sizing and slope. and construction.

--:--6enerally not, but there are circumstances such ----Generally not, but there are circumstances such
: as corrective work, and drops with speCial as corrective Nork, and drops with special
: foundations that may be considet'ed aftet' e:<teosive foundations that lIlay be considered after extensive

--:-analysis, ----analysis.

-WlRICK-----­
STONE

per Corps
(large

boulders
over graded

riprap)

--STACKED------­
IlOl.lll:RS

(Inter locked
and stepped)

HEIGHT o TO 500 CFS 500 TO 7500 CFS

----yes. Takes extra effort in construct ion.
Allows a shorter drop length if seepage handled.

----yes. Takes extra effort in construct ion.
Allows a shorter drop length if seepage handled.

----No.

7500 TO 15000 CFS

----yes. Takes extra effort in construction.
Allows a shorter drop length if seepage. handled.

----yes. Takes extra effort in construct ion.
Allows a shorter drop length if seepage handled.

----No,

- - - .. - - - -- - - - - - - - -
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tlCLAUGHLIN WATER ENGINEERS, LTD. DESIGN CONSIDERATIONS FOR mop STRUCTURES X1V-14

IlAJOR
CLASS

SUB
CLASS

---------------------------------------------------------------------FLOW AND DROP I£IGHT SUITABILITY MATRIX---------------------------------------------------------------

8 FT. ---No, safety considerat ions prohibit.

4 FT. --Yes, but consider safety and seepage.

6 FT. ----No, safety considerations prohibit.

--- 12FT. ----No, safety considerations prohibit.

,,,,
--t

,,
---l,

·I
---I,
·,,

--1,
··,---l
I,,

---:

----No, safety conside"ations pt'ohibit.

7500 TO 15000 CFS

----No, safety considerations prohibit.

----No, safety considerations prohibit.

----yes, but consider safety and seepage.

----yes.

500 TO 7500 CFS

----Nch safety considerations prohibit.

----No, safety considerat ions prohibit.

----No, safety considet'at ions prohibit.

----yes.

----yes, but consider safety and seepage.

o TO 500 CFS

2 FT. ---Yes.

HEIGHTVERTICAL --:--CONCRETE------
HARD : BASIN
BASIN :

I
I,,,,,,,,,
···I
··············:
····:-GRlJlJTED------
I RlJCI(i BASIN

·,····,,,,,,

,--5C5 with-----­
Baffle
Blocks

In Basin



MCLAUGHLIN WATER ENGINEERS. LTD. DESIGN CONSIDERATIONS FOR DROP STRUCTURES XIV-I3

IlAJOR
CLASS

SUB
CLASS

--------------------------------------. ------------------- -----------------FLOW AND DROP t£ IGHT SUI TAB IL ITV MATR IX------- - ..- ......------------------------..-------------------------
_........._.....__ ..__ .__.._---------

---_._----_.__._.

BAfFLE --------------------
ClUTE

HEIGHT o TO 500 CFS
------------_._-

500 TO 7500 CFS 7500 TO 15000 CFS

b FT. ----yes. ----yes.

2 FT.

4 FT.

----Hydraulically OK but cost economy doubtful except ----Hydraulically OK but cost economy doubtful except ----Hydraulically OK but cost economy doubtful except ---
for difficult situations. for difficult situations. for difficult situations. Contraction lay help.

---Hydraulically OK but cost economy bordel'1 ine. ----Hydraullcally OK but cast economy bor'derl ine. ----Hydraulically OK but cost economy border line.
Reducing the channel Ilidth at the drop lay help.

----yes.

8 FT. ----yes.

-- 12 FT. --Yes.

··VERTICAL ---------; HEIGHT o TO SOC CFS

---Yes.

---Yes.

500 TO 7SOO CFS

----yes.

----yes.

7500 TO 15000 CFS
RIPRAP
BASIN ·:

:-- 2 FT. --Yes.·,·,:-- 4 FT. ---Yes, but consider safety and seepage.

I
:-- b FT. ----No, safety considerations prohibit.

··:--- 8 FT. --No, safety considerations prohibit.
I·:--- 12 FT. ---No. safety considerations prohibit.

----yes.

---Yes, but consider safety and seepage.

---Nil, safety considerations prohibit.

---No, safety considerations prohibit.

----No. safety considerat ions prohibit.

----yes.

---Yes, but consider safety and seepage.

----No, safety considerations prohibit. •

---No, safety considerations prohibit. •

----No. safety considerations pt·ohibit. •

• These crops are used in a riverine environlll!flt
Ilith sheetpiIe, buttress Ilalls and other
techniques to econllllize. Hazard to boating•

- - •• .. ... .. -----.
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I'CI..AOOILIN WATER ENGINEERS, LTD. DESIGN CONSIDERATIONS FOR OOOP STRUCTURES XIV-12

MJOO
ClASS

OTHERS

SUB
D..ASS

BASIC
HYDRAUlIC
PHENOI1ENA

SUGGESTED
HYDRA1UC
ANAlYSIS

HYDRAULIC
ANAlYSIS
DIFFICUlTY OTHER DESIGN HINTS

Other basins have blocks which cause
turbulence and energy dissipat ion,
in a shorter basin.

Conventional basin is sllOOth with no
lIlOl'e than a sill that rises back up
to the downstreilll channel bottlllll.

SlOPING --- - SAF -----'--Basic energy dissipation is
CONCRETE Saint accOllplished by ccnventional

Anthony hydraulic jump and turbulent flow
Falls Basin over rock.

(Sloping
Basin

with Baffle
Blocks in

Basin)
and

Similiar
BurRec
Basins

Conven- -,
tional

CREST CONTROL HYDRAUlICS
TRANSITION HYDRAUlICS UPSTREAM
BASIN LAYOUTIHYDRAULICS per available
literature and design guides.

TRICKlE CHANNEL AT CREST

DRAINAGE ANALYSIS OF STILLING BASIN, and
related piping needs to be undertaken
unless wet basin acceptable.

SII'IILIAR ANALYSIS FOR HYlJRAlJI.lC AND ROCK
SIZING ANAlYSES IN TRICKLE CHANI£L.

-OK
-Reasonable, but unusual situat ions can occur
-Reasonably easy to use, caution is
appropriate regal'dins basin depth.

-No guidelines available but reasonable
to approximate.

-Difficult to design a reliable system
unless larse conduits used.

Use the trickle channel to help drain the basin.
Generally is not a very applicable drop because the
hydt'aulic conditions in a g,'ass channel aren't very
compatible

-----------------------------------------._--_...-

SOIL talENT, -------------SEE APPROPRIATE CATEGORY FDR --------------------------------------------------------.-------------- '---'--'---------------------------------------------------------------------
ROLLERCRETE PROFILE. but IIlISt likely Sloping

Concrete.

----_._-----------_.._----_ __ _....•-._----_.__.------
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Example Riprap Specification



B-1

PART 2: MATERIALS

2-1 RIPRAP:

1-1 DESCRIPTION: The work of this section consists of placement of bedding,
rock riprap, grouted rock, and cover stone (Derrick Stone) as indicated.

RIPRAP

PART 1: GENERAL

SECTION 02262

Rock, (for grouting) boulders and cover stone shall be visually checked at the quarry
or at the work site as required for size, elongation, cracks, deterioration and other
defects visible on the entire surface area of the stone. Five percent of the stone
checked for cracks shall be wetted and reinspected for minute cracks to determine
if additional inspections are necessary. Stone with cracks or defects that are
detrimental to a long lasting product shall not be shipped to the work site.

1-2 SUBMITTALS AND TESTING: In accordance with Section 01300, submit
certificate stating both source of stone and certifying materials for all types of
riprap will meet the requirements of this section. Including test results for specific
gravity, abrasion, and freeze thaw.

In advance of delivery of riprap to the work site an inspection of the quarry shall
be arranged by the Contractor and shall include the Contractor, Engineer, and Quarry
Representative. The quarry will identify the rock source and procedures that will
be used to stockpile, mix and grade the types of riprap specified. For each type
of riprap specified a 10 ton minimum random sample (as selected by the Engineer)
will be selected at random by the Engineer. The objective is to obtain a sample as
it would be handled for normal delivery to the work site. It will then be placed in
an approved area at the quarry and sized and sorted to identify an d weigh the
individual pieces as directed by the Engineer. The Contractor and Quarry
Representative shall supply all labor to sort and weigh the riprap. The approved
sample shall then be hauled to the work site and stockpiled for compar'i"son of future
riprap deliveries. When approximately one-third of all of the specified type of
riprap has been delivered to the work site, a second field gradation may be requested
by the Engineer to determine compliance to these specifications. The Engineer may
at any time, if he deems necessary, require additional field gradations or other tests.

The color of the riprap (shall be and) must be approved by the Engineer.
Once approved, the color shall be kept consistent through the project.

All stone shall be angular, each piece having its greatest dimensions not greater than
3 times its least dimensions and shall conform to the following test requirements of
the American Society for Testing Materials Standards:

A. General. Use quarry stone which is sound and durable against disintegration
under conditions to be met in handling and placing, and is hard and tenacious and
otherwise of a suitable quality to ensure permanency in the specified kind of work.
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** Bury types VL and L with 6-inches top soil and revegetate to protect from
vandalism.

Concrete masonry or concrete pavement may not be used for riprap. The gradation
requirements for ordinary riprap shall be as follows (approximate weight assumes
spherical shape which more closely approximates the weight of the individual stone):

CLASSIFICATION AND GRADATION OF ORDINARY RIPRAP

I
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24

12

18

6**

9**

d50*
(Indies)

C-535-65

C-127-59

AASHTO
103 Pro­
cedure A

ASTM Standard

166
85
36

1.3

455
287
85

3

85
36
11

0.4

1327
680
287

11

3642
1767
680

36

Approximate1
Min-Rock

Weight
(Pounds)

2.60

45

10

Requirement

12
9
6
2

15
12

9
3

42
33
24

9

21
18
12

4

30
24
18

6

Intermediate Rock
Dimension

(Inches)

70-100
50-70
35-50

2-10

70-100
50-70
35-50

2-10

70-100
50-70
35-50
2-10

100
50-70
35-50

2-10

% Smaller Than
Given Size
By Weight

Type VL

Type L

Type M

Type H

Riprap
Designation

Apparent specific gravity,
minimum

Abrasion, maximum percent

Freeze thaw loss, maximum
percent after 12 cycles

Type VH 100
50-70
35-50

2-10
1 Based on Specific Gravity = 2.60
*d50 = Mean particl.e size
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B. Boulders. The boulders shall range in size from (30 to 42-)inches, with an
average size of approximately (36-)ihches. The minimum dimension of the boulders
in any direction shall be (3O-)inches, 20% (minimum) shall be a minimum of (36-)
inches in each of two dimensions.

D. Grouted Rock. Rock for grouting shall consist of stone meeting the requirements
of riprap specified in this section with the minimum size of the rock in any dimension
greater than the nominal grout thickness or rock size called out on the Drawings.
Wash the rock free of fines or soil which would affect the grout bond.

2-2 BEDDING: Use porous, free-draining material, consisting of sand, gravel, crushed
stone or other approved free-draining material. On-site materials shall be used if
available when approved by the Engineer. Imported materials shall be used if no on­
site materials are available. All materials shall meet the following gradation
requirements:

0-3

0-20

20-90

Type II
100

100
95-100
45-80
10-30
2-10
0-2

Type

Percent by Weight Passing Square
Mesh Sieves

GRANULAR BEDDING GRADATION

3-inch
l-l/2-inch

3/4-inch
3/8-inch

No.4
No. 16
No. 50
No. 100
No. 200

U.S. Standard
Sieve Size

2-3 GRan: Concrete for the grout shall be an approved batch meeting the
following requirements: All concrete shall develop 4,000 psi compressive strength
within 28 days, the cement shall be Type V, the stone aggregate shall have a
maximum diameter of one-half inch, and the slump shall be within a range of 4 to
6-inches. Use stiffer mix or other measures as approved for near vertical joints.
Add 1.5 pounds per cubic yard FIBERMESH I synthetic fiber reinforcement per
manufacturer's instructions. (The grout will receive color additive of )

C. Cover Stone. The cover stone shall consist of stone meeting the requirements
of riprap as specified in this section and shall be in pieces approximately square in
cross-section, free from thin slabby pieces having a maximum dimensin more than
two times the least dimension. Quarry operations shall be controlled to produce a
reasonably uniform stone of the size required by the Drawings. Unless modified by
the Contract Drawings, cover stone shall have a minimum cross-sect in dimension of
(38-)inches and a maximum cross-section dimension of (48-)inches with an adverse
cross-section dimension of (44-)inches. Stones of this size in a shape midway between
a sphere and a cube should weigh approximately (4,000 - 8,000 lbs). If stone is
more rectangular in shape the weight will be considerbly more. Dirt, fines, and
smaller stones accumulated from blasting or handling shall not exceed 5 percent by
weight.

II
I
I
I
I
I

II
1,1

11
II
II

II
11
II
)1

II
II
II



PART 3: EXECUTION

3-1 TYPE I AND TYPE II BEDDING PLACEMENT: For in-situ fine grained soils a
layer of Type II bedding shall be placed on top of a layer of Type I bedding. For in­
situ coarse grained soils only a layer of Type II bedding is required. Bedding
thicknesses shall be as follows:

Minimum Bedding Thickness (Inches)
Riprap Fine Grained Soils Coarse Grained Soils*
Type Type I Type II Total Type II

VL, L 4 + 4 = 8 6
M 4 + 4 = 8 6
H 4 + 6 = 10 8
VH 4 + 6 = 10 8

* 50% or more by weight retained on the 1140 sieve.

At the Contractor's option a 12-inch layer of Type II bedding may be substituted
for the combination layer of Type I and Type II bedding over in-situ fine grained
soils. Substitution of one layer of Type II bedding shall not be permitted on the face
of drop structures.

3-2 RIPRAP: Excavate for placement of rock riprap lining as indicated. Remove
all soft, yielding material; replace with suitable on-site material; compact to smooth
firm surface. Machine-place stones into position following details indicated. Arrange
as necessary by use of gradall or multi-prong grapple device or hand to interlock
and form a substantial bond. Dumping and/or backhoe placement alone is not
suff icient to ensure proper interlocked placement. Basic procedure will result in
materials that are d50 and larger flush to the top surface with faces and shapes
matched to minimize voids. Surface grades will be a plane or as indicated, but
projections above or depressions under the average surface plane more than 20% less
of the rock layer thickness will not be allowed. The average surface plane is
defined as the plane where 50% of the tops of rocks would contact. Voids will be
filled with a well graded mixture of the remaining material that is securily locked
between the larger stone. It is essential that the material between stones not be
loose or easil y displaced by flow. The remaining stone will also be used to provide
a subgrade that will arrive at a proper grade for the surface stone. The stone will
be consolidated by the bucket of backhoe or other means that will cause interlocking
of the material. The stream side of the riprap is to be uniform and free from
bulges, humps, or cavities. All rock is to be placed in a dewatered condition
beginning at the toe of the slope or other lowest point.

3-3 COVER STONE: Excavate for placement of the cover stone later as indicated.
Remove all soft, yielding material; replace with suitable on-site material; compact
to smooth firm surface. Place cover stone on an underlayer of riprap and bedding
as shown on the Drawings. Cover stone shall be individually placed in a manner to
avoid displacing underlying materials or placing undue impact force on the underlying
materials. Each stone shall be covered to essentially the final position by the use of
a multi-prong grapple device or suitable equipment for handling material and, if
necessary, the stone shall be picked up and repositioned. Dragline buckets and skips

B-4
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shall not be used for placement of cover stone. Placement shall begin at the bottom
of slope. Moving stone by drifting or manipulation down the slope will not be
permitted. Cover stone shall not be dropped from a height of greater than 1 foot.
Stones in their final position shall be oriented such that minimum dimension is parallel
to the slope with the flatter side located at the bottom. Adjacent stones shall be set
in contact with each other so that the interstices between adjacent stones shall be
as small as the character of the stone will permit. The underlying riprap shall be
covered, rock to rock contact, one stone deep, as shown on the drawings. It should
be anticipated that rehandling of individual stones after initial placement will be
required to achieve required slopes, grades, elevations, and position. A tolerance
of plus or minus 0.5 foot from the indicated grade, slope, and elevations shown on
the drawings will be allowed in the finished surface. To adjust the finish surface
and the cover stone, the underlying riprap thickness shall be adjusted. After the
cover stones have been placed and approved by the Engineer, additional underlying
riprap shall be placed in the voids of the cover stones.

3-4 GROUTED ROCK: Excavate for placement of rock layer as indicated. Remove
all soft, yielding material; replace with approved material; compact to smooth firm
surface. Placement methods will minimize disturbance of the subgrade. Machine­
place stones into position following details indicated. Starting at the lowet point,
generally place rocks in stepped fashion with the bottom of the uphill rock below
the top of the down hill rock by half the height of the rock minimum. Care shall
be taken to remove all fines and smaller rock. Wash the rock free of fines or soil
which would affect the grout bond. The concrete grout shall be placed by injection
methods by pumping under low pressure, positive displacement methods, through a
2-inch maximum diameter hose to ensure complete penetration of the grout into the
rock layer. The voids at the surface, as detailed on the drawings, will not be
grouted unless designated. Generally grout will be held down (6 to 9) inches.
Operator shall be able to stop the flow and will place grout in the voids and not on
the surface rock. Clean and wash any spillage before the grout sets. The visual
surfaces of the rock will be free of grout to provide a clean natural appearance.
A "pencil" vibrator will be used to make sure all voids are filled between and under
rock. The intent is to fill all voids from the subgrade level through the rock layer.
In all cases, grout must penetrate to subgrade. The pencil vibrator may be used to
smooth the appearance of the surface, but the Contractor shall use a wood float
to smooth and grade the grout to drain. The grout mix shall be stiffened and other
measures taken to retain the grout in steep locations.

PART 4: MEASUREMENT AND PAYMENT

4-1 TYPE XX RIPRAP: The unit of measurement for payment will be the ton of
the type indicated. Measurement will be determined by calculating the average rock
sections designated on the drawings. The average rock sections designated on the
drawings shall be. converted to weight using a factor of 1.8 tons per cubic yard.
The__ .Engineer will make corrections he deems appropriate to adjust· for wastage,
material unutilized, and overplacement. The Engineer may at his sale discretion
revise the average sections to reflect modifications he requires and practicalities
of approved riprap utilized. The average section for measurement purposes will not
include the volume of any bedding materials or any other material except the rock.
The work shall include all excavation of subgrade materials, overexcavation of
unstable subgrade materials and replacement with suitable material as required by
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the Engineer, grading of slopes to receive riprap, bedding material, and riprap,
including chinking to fill voids as shown on the drawings. Quantities so measured
will be paid for at the contract unit price.

4-2 XXXXX INCH GROUTED RIPRAP: The unit of measurement for payment will
be the ton. Measurement will be determined by calculating the average rock sections
designated on the drawings. The average rock sections designated on the drawings
shall be converted to weight using a factor of 1.7 tons per cubic yard. The Engineer
will make corrections he deems appropriate to adjust for wastage, material not
utilized, and overplacement. The Engineer may at his sale discretion revise the
average sections to reflect modifications he requires and practicalities of approved
rock utilized. The average section for measurement purposes will not include the
volume of any material except the rock. The work shall include all excavation of
subgrade materials, overexcavation of unstable subgrade materials and replacement
with suitable material as required by the Engineer, grading of slopes to receive
rock, toe drains and rock. Quantities so measured will be paid for at the contract
unit price.

4-3 COVER STONE: The unit of measurement for payment will be the ton.
Measurement will be determined by calculating the average cover stone sections
designated on the Drawings. The average cover stone sections designated on the
Drawings shall be converted to weight using a factor of 1.8 tons per cubic yard.
The Engineer will make corrections he deems appropriate to adjust for wastage,
materia 1 unutilized and overplacement. The Engineer may at his sale discretion
revise the average sections to reflect modifications he requires and practicalities
of approved cover stone utilized. The average section for measurement purposes
will not include the volume of bedding and riprap placed under the cover stone.
The work shall include all excavation of subgrade materials, overexcavation of
unstable subgrade materials and replacement with suitable material as required by
the Engineer, grading of slopes to receive cover stone, bedding material, underlying
riprap, and cover stone, including chinking to fill voids as shown on the drawings.
Quantities so measured will be paid for at the contract unit price.

4-4 GROUT: The unit of measurement for payment will be the cubic yard.
Measurement will be according to certified tickets from the mixing plant or other
approved volume measuring techniques, for all grout placed in accordance with the
dimensions shown on the Drawings and accepted by the Engineer. The work will
include grout, pumping and injection equipment, vibration, and clean-up.

The Engineer Using This Specification Does So At His Own
Responsibility and Should Thoroughly Review All Aspects

(Items in Parenthesis Must be Addressed)

END OF SECTION
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APPENDIX C

Quantity Summary Tables

for Economic Comparison

of Drop Structures



========================================================================

C-1

====================================================== ===~==============

note: Loose rock drops greater than 4ft are not permitted
and are considered as multiples of the 4ft drop cost.

$54,097
$133,127
$243,770
$557,304

$18,032
$44,376
$81,257

$185,768

$15,300
$37,712
$69,032

$152,108

$36,064
$88,751

$162,513
$371,536

Total CostExc.

16631
37272
67682

163563

13532
30901
56341

130855

49892
111815
203045
490688

33262
74543

135364
327125

Cone.

368
601
920

1911

368
601
920

1911

737
1203
1840
3822

1105
1804
2760
5733

Rock

4977
12073
22969
50897

6200
14676
27758
64025

12400
29352
55517

128049

18600
44028
83275

192074

Sloping Face, Rock Rip-Rap Type Drops
UDFCD Design

Quantities Summary

H
VH
VH
VH

H
VH
VH
VH

H
VH
VH
VH

H
VH
VH
VH

SRR

Unit Rock "11" 30.00 Iton Grout 100.00 Icu.yd.
Costs: Rock "H" 30.00 Iton Concrete 300.00 Icu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 Icu.yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.

ft3 volumes

Hd=8ft
0=500
0=1500
0=3000
0=7500

Hd = 2ft
0=500
0=1500
0=3000
Q=7500

Hd = 4ft
0=500
0=1500
0=3000
0=7500

Hd = 12ft
0=500
Q=1500
0=3000
Q=7500
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C-2

========================================================================
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$22,017
$41,189
$58,064

$117,597

$45,867
$71,714

$100,654
$199,560

$91,734
$143,428
$201,308
$399,119

$137,601
$215,142
$301,962
$598,679

Total CostExc.

14156
32593
49122

107574

23517
44871
67676

146984

47033
89742

135351
293967

70550
134613
203027
440951

2455
3412
4653
8754

1171
1842
2523
4922

Conc.

4909
6824
9306

17509

7364
10237
13959
26263

Rock

7036
12705
18294
38005

14071
25411
36588
76010

3849
8850

12742
26472

21107
38116
54882

114014

Vertical Face, Rock Rip-Rap Type Drops
UDFCD Design

Ouantities Summary

M
H
H
H

VH
VH
VH
VH

VH
VH
VH
VH

VH
VH
VH
VH

VRR

ft3 volumes

Hd = 2ft
0=500
0=1500
0=3000
0=7500

note: Loose rock drops greater than 4ft are not permitted
and are considered as multiples of the 4ft drop cost.

Hd = 4ft
0=500
0=1500
0=3000
0=7500

unit Rock "M" 30.00 It on Grout 100.00 Icu.yd.
Costs: Rock "H" 30.00 Iton Concrete 300.00 leu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 Icu.yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.

Hd = 8ft
0=500
0=1500
0=3000
0=7500

Hd = 12ft
0=500
Q=1500
0=3000
0=7500



========================================================================

========================================================================

unit Rock "M" 30.00 Iton Grout 100.00 Icu.yd.
Costs: Rock "H" 30.00 Iton Concrete 300.00 Icu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 Icu.yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.

Moderate Sloping Large Rock Design
HWE Design

Quantities Summary

$20,889
$41,675
$75,020

$156,908

$32,226
$63,847

$109,628
$223,717

$64,451
$127,694
$219,256
$447,433

$96,677
$191,542
$328,885
$671,150

Total CostExe.

19284
43333
81564

187424

28454
61936

110364
249226

56908
123872
220729
498452

85363
185807
331093
747678

C-3

374
638
984

2045

Cone.

413
708

1092
2269

825
1416
2184
4538

1238
2123
3277
6807

Rock

7477
15286
28266
58418

12503
25124
43637
87715

25007
50248
87274

175430

37510
75372

130911
263144

SLR3

ft3 volumes

Hd = 2ft
0=500
0=1500
0=3000
0=7500

Hd = 8ft
Q=500
0=1500
0=3000
0=7500

Hd = 4ft
0=500
0=1500
0=3000
0=7500

Hd = 12ft
0=500
0=1500
0=3000
0=7500
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========================================================================

========================================================================

Hd = 2ft
0=500 0 4184 325 1098 12928 $20,028
0=1500 789 8372 538 2198 30298 $40,828
0=3000 2273 14866 866 3902 57475 $73,583
0=7500 7082 30426 1799 7987 137266 $157,574

------------------------------------------------------------------------
Hd = 4ft

0=500 0 5373 325 1410 15990 $24,638
0=1500 789 10510 538 2759 36172 $49,151
0=3000 2273 18259 866 4793 66676 $86,779
0=7500 7082 37280 1799 9786 157340 $184,373

------------------------------------------------------------------------
Hd = 8ft

0=500 0 7564 325 1986 22016 $33,170
0=1500 789 16873 601 4429 51602 $74,437
0=3000 2273 24864 866 6527 85006 $112,512
0=7500 7082 50808 1799 13337 197417 $237,310

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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$40,829
$89,755

$134,398
$282,594

Total CostExc.

18615
41664
68867

161913

2561
5601
8213

16841

Grout

C-4

325
601
866

1799

Cone.

Grouted Boulder Type Drops
KWE Design

Quantities summary

9756
21336
31289
64156

BoulderRock

o
789

2273
7082

GSB2

ft3

Hd = 12ft
0=500
0=1500
0=3000
Q=7500

Unit Rock "M" 30.00 Iton Grout 100.00 Icu.yd.
costs: Rock "H" 30.00 Iton Concrete 3~.'()0 Icu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 leu. yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.



========================================================================

========================================================================

Unit Rock "H" 30.00 Iton Grout 100.00 Icu.yd.
Costs: Rock "H" 30.00 Iton Concrete 300.00 Icu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 Icu.yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.

Baffle Chute Drops
USBR Design

Ouantities Summary

$31,950
$54,470
$66,725

$199,926

$36,678
$63,426

$101,943
$233,930

$29,567
$49,992
$79,116

$162,923

$41,405
$72,382

$117,161
$267,934

Total CostExc.

13343
30087
53046

151968

12715
28401
49758

143671

14601
33458
59623

168161

15856
36629
66199

184354

Conc.

C-5

2819
4604
7129

15473

3234
5362
8444

18398

2404
3626
5814

12547

2196
3437
5157

11065

Rock

2002
4585
6606

23219

2002
4585
8606

23219

2002
4565
8606

23219

2002
4565
8606

23219

BC2

ft3 volumes

Hd = 2ft
0=500
0=1500
0=3000
0=7500

Hd = 8ft
0=500
0=1500
0=3000
0=7500

Hd = 4ft
0=500
0=1500
0=3000
0=7500

Hd = 12ft
0=500
0=1500
0=3000
Q=7500
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========================================================================

note: At some locations structures greater than 4ft vertical drop
are not permitted and higher drops must be considered as
multiples of the -4 ft drop cost.

Hd = 2ft
0=500 499 3234 749 381 21456 $21,347
0=1500 1578 5618 1089 864 39897 $37,125
0=3000 2273 9899 1589 1736 62032 $60,766
0=7500 7082 21368 3339 4171 131875 $135,898

------------------------------------------------------------------------
Hd = 4ft 4 ft

0=500 499 4116 1333 485 32564 $31,596
0=1500 1578 7223 1867 1110 57217 $52,568
0=3000 2273 12504 2637 2192 86115 $83,279
0=7500 7082 27473 5332 5363 177022 $182,917

------------------------------------------------------------------------
Hd = 8ft 8 ft

0=500 499 4900 3092 578 54115 $55,573
0=1500 1578 8828 4170 1357 89329 $86,327
0=3000 2273 15691 5745 2786 134646 $133,539
0=7500 7082 33576 11257 6555 250131 $276,223

I
I
I
I
I
I
I
I
I ..
I
I
I
I
I
I
I
I
I
I

$81,246
$123,503
$183,928
$376,528

Total CostExc.

80327
133110
189656
342108

635
1604
3197
7746

GroutCone.

5048
6684
9122

17656

Vertical Hard Basin Design
Simplified Design
Quantities Summary

12 ft
5390

10433
18235
39683

Boulder

499
1576
2273
7082

Rock

VHB4

C-6

ft3

Hd = 12ft
0=500
0=1500
0= 3..Q.00
0=7500

Unit Rock "M" 30.00 Iton Grout 100.00 Icu.yd.
costs: Rock "H" 30.00 Iton Concrete 300.00 Icu.yd.

Rock "VH" 35.00 Iton Excavate 2.50 Icu.yd.
Boulders 40.00 Iton all amounts in dollars

conversions: 1.8 ton/cu.yd. 27 ft3/cu.yd.



========================================================================

========================================================================

0 = 500 cfs
Hd = 2ft $17,594 $23,545 $21,818 $20,839 $30,820 $19,495
Hd = 4ft $21,721 $48,504 $33,765 $26,041 $33,623 $29,338
Hd = 8ft $43,457 $96,702 $67,437 $35,321 $39,244 $58,677
Hd = 12ft $65,183 $144,880 $101,093 $43,729 $44,848 $88,015

------------------------------------------------------------------------.
0 = 1500cfs
Hd = 2ft $44,325 $44,549 $44,346 $43,027 $52,538 $32,771
Hd = 4ft $55,480 $77,154 $68,388 $52,949 $58,282 $48,139
Hd = 8ft $110,960 $153,800 $136,558 $80,437 $69,788 $96,279
Hd = 12ft $166,440 $230,447 $204,730 $97,956 $81,295 $144,418

------------------------------------------------------------------------
0 = 3000cfs
Hd = 2ft $82,814 $63,689 $80,846 $78,118 $83,624 $55,028
Hd = 4ft $105,593 $109,921 $119,269 $94,388 $93,759 $78,222
Hd = 8ft $211,187 $218,970 $238,101 $124,374 $114,028 $156,443
Hd = 12ft $316,781 $328,020 $356,934 $150,879 $134,297 $234,665

------------------------------------------------------------------------
0 = 7500cfs
Hd = 2ft $191,449 $130,093 $172,311 $169,261 $193,323 $120,603
Hd = 4ft $246,677 $220,515 $248,897 $203,910 $216,592 $170,698
Hd, = 8ft $493,353 $439,362 $496,705 $268,022 $263,150 $341,397
Hd = 12ft $740,029 $658,208 $744,514 $324,480 $309,708 $512,095

Drop structure Evaluation
Total Cost Comparison
Drop Configurations: 0 vs cost

COMBUSBR

BC VHB
Baffle vertical
Chute Hard

MWE

GSB
Grouted
Boulder

Present Worth Total Costs
Rate i = 5.00 %
Life N = 50 years

MWE

SLR
Large
Rock

C-7

UDFCD

VRR
vertical

Rock

UDFCD

SRR
sloping

Rock

Reference:
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The following are excerpts from Bathurst (ref. 4):

INTRODUCTION
The following pages are exc empts from ref. 4. The information from this study

more closely describes the flow regime on sloping rock drops. The definition of the

terms used are as follows:

D-l

..

Water
surface

w

Roughness

e,eme\

depth of flow

gravitational constant

Darcy Weisbach coefficient

Froude Number

Energy Gradient

median axis of the short dimension of the rock

mean velocity of the section

median size of rock along the cross stream axis

=
=

=

Aw / wd' = relative roughness area

A + Aw = wd'

A = flow cross-sectional area

Aw =wetted roughness cross-sectional area

d

g

f

Fr =
S =
550 =
U =
YSO =

APPENDIX D

Excempt from Bathurst (ref. 4)

Discussing Flow Resistance Relationships
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'I
11
II
11
11
11
II
II
11
II
II
II
11
II
II
11
11
JI
II



the flow resistance.

0-2

Mountain rivers are one form of cobble-bed rivers and are

of flow resistance are not the same as those in cobble-bed rivers of

I
I
I
I
I
I
I
I
I.
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Consequently a flow

An attempt has been made to describe the hydraulics of flow in

geometry and, where relevant, sediment movement.

surface drag decreases as Froude number and relative submergence

resistance equation for mountain rivers has to account both for the

varies with Reynolds number, Froude number, roughness geometry, channel

processes of fluid mechanics by which the form drag is generated and for

elements affects the flow resistance. More specifically the resistance

regions of large-scale and intermediate-scale roughness. The processes

by relative submergences of less than about 15, corresponding to the

is derived from the form drag of the roughness elements and the

lesser gradients and small-scale roughness so the flow resistance

characterized by channel slopes of approximately 0.4 to 10 percent and

mountain rivers and to produce a process-based equation accounting for

distortions to the flow around the elements.

equations for those rivers can not be used. Most of the flow resistance

SECTION 14 CONCLUSIONS AND RECOMMENDATIONS

the processes of wall geometry by which the combined drag of the

Theoretical analysis, supported by the results of the flume study,

suggests that, for the range of Reynolds numbers given by

4 - 54 x 10 < U D50/ v < 2 x 10 , resistance is likely to fall significantly

as Reynolds number increases. However, if there are roughness elements

protruding through the free surface, the effect is small by comparison

with Froude number effects related to the appearance of hydraulic jumps

and the generation of free surface drag. For the bed as a whole, free



0-3

depth and with bed material, although it does not make allowance fOI

to standing waves may be important.

(37)

(22)

(26j
(s:o )]0.648 ,,-0.134

Once the elements are submerged, Froude number effects

A -b
W~I= (~)

[ (
Y) 0.557b= 1.175 ;0

u = (~f)0.5
(gdS)0.5

=[0.28 ] log (0. 755/b)
-b- Fr

[ ()
0.492 1.025 (w/y

50
)0.1l8 ]

x 13.434 y;o b

for large-scale roughness (b < 0.755) is:

funnelling of the flow. For river channels of homogeneous boundary

Based on the analysis of the flume data, the resistance equation

The effect of roughness geometry can largely .be described by a

Similarly the effect of channel geometry is accounted for by thE

relative roughness area, A fwd I, which indicates the proportion of aw

channel cross section occupied by roughness and thence the degree of

material:

differing element shapes.

related to free surface drag are small but Froude number effects related

single parameter, b. the function of effective roughness concentration.

increase.

This accounts for the variation of the roughness geometry both with

I
I
I
I
I
I
I
'I

­
I

­
I
I
I

­
JI
JI
II
II



This equation doe.a not apply where Reynolds number effects are

sj.gnificant, where there is bed material movement or where there is a

system of standing waves~ However, within its range of application the
" "

equation seems to work well as long as the various parameters, partic­

ularly the roughness sizes and the channel wetted perimeter, are derived

or measured as in this study.

In spite of its complex form, Equation (37) contains relatively few

parameters and can be applied using a simple iteration procedure

(Appendix B). Comparison with independent river data shows that, when

based on mean parameters of flow and with semiempirical equ~tions

describing relative roughness area and channel width, it can be used to

calculate a mean resistance coefficient for a channel reach. Alter­

natively, in its more "general form related to a single vertical through

the flow, the equation can be applied to overland flow and to regions of

large-scale roughness in channels where there are significant changes in

boundary material and depth across a section.

Derivation of Equation (37) proceeded on a semiempirical basis and

some of the terms need to be refined. This is particularly true of the

paramete p describing the free surface drag of elements protruding

through the flow. The possible significance of roughness element shape,

neglected here, needs to be studied, too. Future research should also

be directed towards extending the usefulness of the equation to the

region of intermediate-scale roughness which is important in flood

studies. This requires that the effects of Reynolds number, sediment
~, ...'.,.

movement and standing waves be quantified. In addition it is necessary

to find whether the relationship between the resistance function and

relative submergence is better represented by a semilogarithmic or a

power law.
D-4
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The brief investigation of bed material movement shows that

sediment transport equations developed for sand-bed rivers do not apply

to mountain rivers. The flume data suggest that two of the hydraulic

factors determining sediment movement are channel slope and bed material

characteristics. Other studies, though, show that geomorphic factors,

which determine the supply of sediment to the channel, are at least as

important and future research should be directed towards identifying

these factors.
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~I
dmax
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]1 EGLm

£GLt

]1 Elev. Main

Elev. Trickle
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APPENDIX E

Definition of Symbols

Impact coefficient

Lane's weighted creep ratio

Diameter of particle

Jet Plunge Height at VRR Drop

Bedding layer thickness

Grout depth

Maximum size of particle within a gradation

Drop number

Rock depth

diameter of particle which 20% of gradation is smaller

Mean diameter of partical (stone)

Energy grade line along main portion of drop

Energy grade line along trickle channel

Elevation of crest at main drop

Elevation of crest at trickle channel

Specific force

Impact force

Shields parameter

Gravitational constant

Height of the wingwalls above the main crest

He ight of cutoff

Drop height

Total energy head at the crest of the main drop

Total energy head at the crest of the trickle channel

Head on structure for weighted creep ratio, (headwater - tailwater)

ISbash constant

Approach length

Length a f basin

T
Length at a vertical hard drop, from the crest wall to the point

where the nappe contacts the basin floor inverse

E-1
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,

n

Se

So

SF

Ss

T

Ub

U*
V

Y

Yc

Ycm

Yet

Yf

Yn

yp

Yz

Weighted creep horizontal length (seepage)

Weighted creep vertical length (seepage)

Mannings roughness

Fraude number = vic g y)1/2
Mass of water

Packing factor

Hydraulic radius

Reynolds number

Critical Hydraulic Radius

Reynolds number

Slope

Energy Gr ade Line Slope

Bed or drop slope (also S used)

Safety factor

Specific density of sediment

Top width

Velocity of the stone (CDE) generally taken as V

Shear velocity (generally taken as V for flow on the drops)

Velocity of flow

Depth of flow

Critical flow depth

Critical flow depth for main crest of drop

Critical flow depth at crest in trickle channel

Vertical fall at drop

Normal depth

at a vertical drop, the pool depth under permission from Simons the

Nappe just below the crest

At a vertical hard drop, the depth of flow at the point immediately

below the point where the napped contacts the basin

At a vertical hard drop, the tailwater depth required to cause a

jump to form starting immediatel y below the point where the nappe

contacts the basin

Drop face slope

Side inverse slope

E-2
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Angle of bed to horizontal

Stability factor

Specific weight of rock

Specific we ight of water

Kinematic viscosity

Angle of repose

Shear stress

Critical Shear Stress (tractive force)

E-3




