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FOREWORD

Because of the increasing urgency of conserving water lost from unlined irrigation
canals, the Lower-Cost Canal Lining Program was inaugurated by the Bureau of
Reclamation in June 1946 as a concerted effort to develop lower~-cost linings. An
interim report, issued in 1946, outlined the broad scope of the program and presented
information available at that time on types of linings and their service records. In the
past two years, the program has been advanced by laboratory and office research,
surveys of installations, seepage determinations, field experiments, and equipment
development.

This report records the progress made in developing lower-cost linings. In many
phases of the program, accomplishment has been limited, and the many problems that
remain unsolved emphasize the complexity of the undertaking, Although prepared pri-
marily for use within the Bureau of Reclamation, this progress report may be of inter-
est to others concerned with irrigation, as the problem of canal seepage losses is
common and important to other agencies, water users’ organizations, and individuals,
glop%es of this report, therefore, are made available for selective distribution outside

e Bureau.

The report was prepared in the office of the Chief Engineer by T. V, Woodford,
M. C. Lipp, and H, M. Sult, under the direction of R. F. Blanks, H. R. McBirney, and
H. S. Meissner. Information on the laboratory investigations and tests was supplied
by the concrete, bituminous, earth materials, and hydraulic laboratories. Data on the
condition of existing linings and much of the information cn experimental installations
were reported by project offices. Many of the field trial installations involving new
materials and techniques were made possible through the cooperation of 2 number of
equipment manufacturers, the Asphalt Institute and affiliated organizations, angd the
Portland Cement Association.
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INTRODUCTION

Thousands of miles of irrigation canals in the western states fajl to deliver a large
proportion of the water turned into them at their intakes because of leakage from unlined
sections. This problem was recognized as early as 1907 by Dr. Elwood Mead, later
appointed Commissioner of Reclamation, who wrote; (51)* ‘“The water which sinks into
the soil from ditches and reservoirs is one of the chief sources of waste in irrigation,

In gravelly soils, or where ditches cross gypsum strata, the losses sometimes amount
to more than half the total flow. The water which escapes is often worse than wasted,
It collects in the lower lands, fills the soil, drowns the roots of trees and plants and
brings alkali to the surface,”” Photograph No. 1,

Six years laier, E. G. Hopson, a Bureau of Reclamation consultant, writing in A.S.C.E.
Transactions (34) stated *‘...many of the water supplies which appeared to be inexhaus-
tible a few years ago are being rapidly fully appropriated; so that reasons for economy
and waste prevention are becoming more and more cogent. It is the writer’s belief that,
as time goes on, it may even be found necessary for legislation io require canal systems
to be lined or otherwise protected from seepage loss, not only in the interest of investor
and water user, but as a reasonable measure of conservation where water supplies are
limited. As an engineering and business policy, it is well in the front rank and should be
considereddb’y all who are building new works or operating and extending those already
constructed.,”

Since these early days in the history of western irrigation, when the need and urgency
for a program of water conservation were realized by only a few farsighted engineers,
the situation has become much more critical. The water in our streams and rivers, which
is utilized for irrigation, power, transportation, and many other productive uses, has come
to be reccognized as one of the greatest and most valuable of our natural resources. Today
many of our western sireams are fully appropriated and diverted, yet there remain many
thousands of acres of dry, fertile land along these sireams which could be irrigated if
sufficient water were available. Furihermore, the demand continues for additional irri-
gated farm land to keep pace with the rapid industrial and population growth of the nation.
The development and successiul operation of new projecis, as well as the further expan-
sion of existing projects, depend, in a large measure, upon the most efficient and benefi-
cial use being made of the water presently diverted for irrigation.

It has been estimated that one-third of all the water diverted from western streams
for irrigation is lost in transit {o the farm land and it is known that in a.few individual
cases, this loss in transit is as great as 60 percent, Of the 14,600,000 acre-feet of
watier diveried for use on 36 Bureau of Reclamation projects during 1946, approximately
37 percent was lost in transit. More than half of the transit loss, or 23 percent of the
total water diverted, was attributed to seepage from canais and laterals. The remaining
14 percent was lost through waste. Evaporation is recognized as a factor in transit
losses but it is generally agreed to be negligible, and no attempt was made to segregate
it in the above figures. Assuming a water duty of 3 acre-feet per acre, the 23 percent
of water lost through seepage would adequately irrigate an additional acreaze of more
than 1,000,000 acres. The losses through waste may be reduced and controlled by more
efficient operation of the irrigation systems. It is also common knowledge that in some
cases more water is applied to irrigated land than is necessary or conducive to maximum
production. This again is a practice which can be corrected through improved farming
methods and careful operation. Seepage losses, on the contrary, can be reduced only by
previding a relatively impervious conduit for the water. In open channels this can be
accomplished either by constructing a lining or by special treatment of the canal section.

Linings cf various types and materials have been installed in numerous canals in the
past where conditions made lining imperative or where the lining could be justified eco-
nomically. However, of 125,000 miles of canals and laterals constructed in 17 western
states (1242 Census Report) less than 5,000 miles, or 4 percent, are lined, The chief
reason for this lack of canal lining, in the face of an urgent and obvious need for conser-
vation of irrigation water, is the prohibitive cost of dependable linings. Therefore, the
solution of this problem depends upon the development of canal linings or methods of
treatment which can be provided at a sufficiently low cost to be economically feasible
for use on the majority of irrigation projects. _

*Numerals in parentheses thus, (51}, refer to the bibliography.



A considerable amount of individual, uncoordinated effort to reduce the cost of lining

- canals has been expended for short periods in previous years, as indicated in the litera-
ture and in the correspondence and informal reports on file, However, such effort in the
past was usually short-lived and resulted in very limited progress. In recognition of the
urgent need for an organized and continuing effort, the Bureau of Reclamation: officially.
inaugurated a Lower-Cost Canal Lining Program in June 1946, Qutlined in Circular
Letter No, 3398, the Program included functions by office and field forces. It called for
laboratory and office research, surveys of existing installations, seepage determinations,
field experiments, and equipment development. Progress to date has been retarded by
the Bureau’s work load and the limited availability of funds and competent personnel.

However, the program has produced some worthwhile results and plans for its continua-
tion are unchanged,

It is the purpose of this report to summarize and bring up to date all available data
and information on canal lining; to present the results of laboratory research, field
installations, economic studies, investigations of seepage losses and seepage measuring
devices; and to desceribe new developments in equipment and methods of constructing
lined canals. So far as possible at this time, conclusions and recommendations as to
the value of various types of linings and their suitability for use under various field con- -
ditions are stated. However, the answer to many of these problems can be determined
only after years of continued research and observation of canal lining installations in the
field, Therefore, these conclusions and reccmmendations are not presented as the final
results of the Program, and are subject t¢c revision as more complete data are obtained.

v}



Photograph No. 1

Groundwater over cultivated field due to seepage
from canal 700 feet north of fleld.



SEEPAGE DETERMINATIONS
SEEPAGE LOSS MEASUREMENTS

Many factors enter into the need for and justification of lining, Damage to land by
seepage or the cost of a drainage system to prevent the damage may, and often has,
amounted to more than the cost of a dependable lining. Where lands are thus damaged
by excessive seepage, it is evident that remedial measures are required, although know-
ledge of the exact amount of water seeping from the canal may be unimportant. However,
the relation and slope of the various soil horizons may be such that the seepage water is
not visible but flows underground. In many instances the cost of the lining must bear a
relation, or be equal, to the value of the water lost. It is often desirable also to deter-
mine accurately the effectiveness of a lining installation. The only means of determining
the actual loss is by measurement, and since the quantity is generally small in compar-
ison with the total discharge in the canal, extreme care must be exercised to obtain
accuraie results. For this reason, an important phase of the Lower-Cost Canal Lining
Program is to devise the best method of measuring the quantity lost by seepage. The
principal methods for determining canal seepage losses are:

1. Inflow and outflow method by use of either current meters, salt velocity, welrs,
valves, gates, venturi meters, or Parshall flumes

2. Tappoon method
3. Constant and variable head permeameters
4, Laboratory seepage meter

The inflow and outflow method involves the measurement of the quantity of water
flowing into a particular section and the corresponding outflow from the same section,
the difference representing the total loss. Current meters are often used for this pro-
cedure because no head loss occurs and the instruments are low in cost. However, the
accuracy is normally insufficient for the purpose of evaluating seepage losses, although
the Slxitsarage of a large number &f measurements will increase the accuracy of the
results.

Application of the salt-velocity method involves a determination of the time required
for a salt cloud to travel from one pair of electrodes to a second pair at a kmown distance
downstream. The passing of the elecirolyte may be detected with an oscillograph or an
ammeter, The elapsed time for the cloud to pass from one pair of electrodes to the other
represents the average velocity of the water from which the quantity may be computed.
The chief advantage of this system is that no head loss exists., However, the special
equipment and technique reguired render the method unsuitable for ordinary field usage.

Weirs are generally impractical because of head loss, and even in the few cases
where their installation is possible, the fluctuations in head, when using large quantities
of water, are sufficient to produce inaccurate results. The installation costs are rela-
tively high, which further disqualifies this method of measuring the flow,

Valves, gates, venturi meters, Parshall flumes, and similar devices may be utilized
if properly calibrated. In this connection, it should be remembered that only relative
values are required when utilizing the inflow-outflow method. For instance, even though
the measuring apparatus at each end of the section being studied indicates discharges
10 percent in excess of the correct amount, the differential will be approximately correct.
Hence, the use of identical measuring devices will tend to compensate for any errors.

The tappoon method involves segregating a reach of canal with temporary bulkheads,
filling with water, and observing any decrease in volume over a given period of time, thus
evaluating the quantity of loss. Or a constant depth may be maintained in the test section
by providing a small discharge of known quantity into the reach and measuring the outflow
over a fixed crest, The difference between the two quantities then represents the total
loss. This procedure permits the measurement of small quantities which 18 readily
accomplished quite accurately with weirs.

Based on present information, the tappoon method is the most accurate means of
determining seepﬁe loss. However, it does possess certain disadvantages in that the
canal being studied must be taken out of operation, or measurements made off-season
when freezing temperatures or a dry subsoil may introduce wndeterminable errors

3



ficiently large to vold the results, A further disadvantage is that the effect of -
°3g{ocity og the %eepage loss is ignored, whereas experiments made by running water
in short sections of test canals supported on screens show that the 10ss is greater with
still water than with flowing water, (180) A very small velocity makes little difference
but a bottom velocity of 1.5 feet per second has a marked influence, A higher veloc1ty
further decreases the amount of seepage but in a much lesser degree. - ‘

Evaporating, which also is usually neglected, is considered to be negligible. On“_
this subject, Samuel Fortier states (179) that the loss‘of water due to evaporation *‘is
small in comparison to the volume carr&ed and on an average represents less than one-
fourth of one percent of the flow.” Lo EEE

The constant and variable head permeameter consists merely of a pipe placgad in

the canal, while flowing, to segregate a small section. The pipe is then filled with water
‘and the drop in water surface noted over a pre-determined time, or a known quantity is
added to maintain a constant head. The loss from the pipe, representing thq seepage, is
sutgect to errors if any leak occurs around the end forced into the canal or if a change .
in density is caused by disturbing the soil. The procedure does possess the advantage
that the loss is determined in a local area instead of a considerable length permitting
the determination of those sections contributing most to the total loss.

The laboratory seepage meter, Figure 14, is a modified version of the constant head
permeameter. This device is equipped with a flexible bag which is submerged in the
canal after filling with a known quantity of water and connected to the cylinder previously
forced into the canal boundary. A constant head is maintained on the area segregated by
the cylinder and the loss from the bag determined over a given period of time by weighing
the bag before and after the test. Another type of permeameter apparaius is shown in
Figure 1B which operates with a variable head, In each of these modified permeameter
devices, the cylinder forced into the earth is provided with a bleeder valve to release any
air trapped while placing the apparatus in position. ‘ ' B

Obviously, none of these permeameters can be used in lined canals, and their appli-
cation is probably limited to the determination of relative values of loss rather than a
method of ascertaining total seepage losses. Additional tests are necessary to establish
definitely the relative merits of these several devices. :

The preferred procedure of measuring seepage loss from an unlined canal is to
apply the tappoon method by dividing the canal into several reaches sufficiently long to
obtain a loss great enough for accurate measurement. The application of one of the '
permeameter devices in the sides and bottom of the canal at predetermined intervals
will segregate any particularly porous section. The same procedure is applicable to
lined canals except that permeameters cannot be used. :

There has been considerable variance relative to the method of expressing the
quantity of seegage loss. This has been expressed as: (1) second-feet per acre of
wetted area; (2) percent of flow per mile; (3) feet depth over water surface per unit
time; (4) percent of total diversion; (5) feet depth over wetted area per day; (6) second-
feet per thousands of square feet of wetted area; and (7) cubic feet per square foot of
wetted area per 24 hours. . .

Perhaps the most common expression is percent of total diversion or percent-of
flow. Although this method may be preferable for operational purposes, it is not suit-
able when comparing the loss from different canals as this will vary with the extent of
the wetted area. Hence, it is proposed to use the expression ‘““cubic feet per square
foot of wetted area per 24 hours’” as a standard means of expressing the seepage loss
in connection with the canal lining program.

In the reports from the regions on existing linings, considerable data were included
on seepage losses. Data were given for numerous unlined sections as well as for linings
of concrete, shotcr_ef.e, asphalt, and bentonite. Many of these data were incomplete as to
thickness and condition of the lining at the time of test, but losses were expressed in
terms_of.cul_nc feet per square foot of wetted area per 24 hours and, therefore, are of
value in indicating the probable range. Losses from unlined canals varied from 0.20 to
3.0, while losses in lined sections ranged from 0.0 to 1.2 cubic feet per square foot of
wetted area per 24 hours. In the data reported by Rohwer and Stout (3), a maximum
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loss of 8.24 cubic feet per square foot of wetted area was shown for an unlined section
through sandy loam. This loss, from a lateral with an average discharge of 13.9 cubie
feet per second, was also shown in percent per mile and was equal to 41.3. As a further
comparison of the relation of these two units for expressing seepage losses, a main
canal and a lateral, both unlined, with average discharges of 111 and 5.7 cubic feet per
second, respectively, were both reported to be losing 10.93 percent per mile through
seepage. Expressed as cubic feet per square foot of wetted area, however, the loss from
the main canal was 2.07 and from the lateral only .595 cubic feet.

When considering the amount of water lost by seepage from a canal, consideration
must be given to the fact that the loss may be only temporary with recovery at some
lower elevation. For instance, observations on the North Platte River between Whalen
and Bridgeport (13) revealed that approximately 65 percent of the water diverted for
irrigation returned to the river, and hence was available for irrigation of additional
land. In cases where the earth siructure is such that the seepage water does not enter
a natural stream, drainage ditches or wells may be provided to permit irrigation of
additional land or supplement the existing water supply. In fact, it may not be desirable
to prevent seepage as in Kern, Tulare, and Fresno Counties of California where seepage
during the runoff season is required to build up underground storage for use during the
summer and fall for pumping as there are no surface reservoirs for storage. However,
in utilizing water from the soil, consideration must be glven to the chemical composition
due to any salts that may have been dissolved, since the drainage water may be unfit for
irrigation purposes. .

Location of the groundwater table is necessary to determine its effect on the amount
of seepage and assure that the measurements are made under normal conditions. If the
groundwater table is sufficiently high, there may be a flow into the canal under study, or
conditions may be such that no exchange of water exists between the canal and the adja-
cent area. During the initial wetting of a canal in the spring season, the loss may be
abnormally high until the groundwater is replenished and, unless proper precautions
are taken, loss measurements will be in error. Test wells adjacent to the canal at
varying distances from the centerline will permit location of the groundwater table and
a determination of its stability and effect on the quantity of seepage.

The amount of silt deposited in a canal will certainly affect the seepage rate. If the
material through which a new canal passes is such that silt will be carried into the voids
reducing the permeability, the loss by seepage will decrease after the first few years
operation. Consideration must be given to this fact when measuring the loss from a
recently constructed canal.

The effects of precipitation during test periods will introduce errors in the results
which may only be avoided by not making observations under adverse conditions. No
accurate means exist for ascertaining the quantity of water which will flow into a canal
from surface runoff and by percolation. According to Hazen’s formula for the flow of
groundwater, the velocity is proporticnal to the temperature Fahrenheit plus 10, hence
an increase in temperature from 50 to 70 ¥ would increase the seepage 1loss 33 per-
cent. (180) Accordingly, the groundwater temperature in the vicinity of the canal is
important.

PRELIMINARY INVESTIGATIONS

Preliminary investigations, prior to construction, are of considerable value in
determining the probability of excess seepage and the damaging effect of the water so
lost to the canal itself and to nearby lands., Perhaps the first and one of the most impor-
tant requirements is a soil profile. A soil profile is a vertical section of the layers of
soil existing along the canal line. The characteristics of the soil profile control all
internal water movement except that influenced by nonscil agencies, such as animal
burrows, root holes, and the like. The s0il profile should be determined below the canal
bottom to a depth at least equal to the expected water depth in the canal, or a mintmum
of 5 feet. If a complete soil profile is not justifiable, an approximate profile cbtained by
a few test holes, supplemented by surface observations, may be sufficient for estimating
seepage losses. A field man trained in the objectives and procedures of this work
should be present at the time of the excavation of the test holes and should log the



materials according to the Casagrande classification. Other descriptive information
should be included with the soil cic=sification, such as apparent density of soil; presence
of small cracks, holes, or streaks of sand; and apparent permeability of the soil in place.
A knowledge of the extent of a particular type of soil found in the test hole or the place of
change in material along the canal will assist in determining the soil profile. Another
important feature that should be noted on the soil profile is the transverse slope of the
ground surface along the canal. Steep slopes encourage seepage because of the possibility
that very permeable strata may intersect the canal section or the earth surface near the
canal. Sand and gravel formations in the vicinity of old river terraces are often very
permeable although they may be overlain with fine-grained soils that may be sufficiently
thick to inhibit excessive seepage. The s0il structure in such areas, as determined from

a few test holes made for reconnaissance purposes, will indicate the seepage possibilities
and the number of additional test holes necessary.

Generally, the types of soil that are likely to have heaviest losses are relatively
clean sands and gravels. Uniform gravels are highest in permeability followed by well-
graded gravel, uniform sand, and well-graded sand in decreasing order. Anocther type of
material that is usually questionable is a very plastic clay (Casagrande CH type) because
of its tendency to develop large shrinkage cracks upon drying. This type soil should have
small seepage losses when continually wet, but a recent test installation on the Delta-

‘Mendota canal is an exception. Provisions were made for wetting the base (CH type soil)
under 195 linear feet of concrete lining to determine the destructive effects on the con-
crete due to the expansion properties of this particular soil. Water was added to the base
for 3 months at about 2,000 gallons per hour, indicating a high percolation rate. The
strong affinity for water and possibly minute fissures in the soil account for this high
loss. Other soils that will have moderately heavy seepage losses are the very fine sands
of the SP or SF-silty type and silts of ML or MH types. These fine-grained soils are also
hard to hold in any regular form of ditch due to sloughing and erosion. Following is a list

- of soil types with their Casagrande classification symbol and a relative rating as to permea-
bility and probable need for lining:

GP Gravel, uniform--extremely permeable--need lining
GW Gravel, well-graded with few fines--extremely permeable--need lining

SP Sand, uniform--moderately to very permeable--usually require lining or silting

SW Sand, well-graded with few fines--moderately permeable--usually require
lining or silting

CH Clay, very plastic--very impermeable when wet, or extremely permeable
after drying--special considerations

ML Silt--fairly impervious, but bank section is difficult to hold in place--special
considerations

MH 8ilt, very compressible--fairly impervious, but bank sections difficult to

hold--special considerations

GC Gravel with clay binder--may range from moderate to very low permeability

GF-clayey Gravel with excess clay--usually impermeable, good stability
SC Sand with clay binder--usually impermeable, good stability
SF-clayey Sand with excess clay--usually impermeable, good stability
GF-silty Gravel with excess silt--usually impermeable, good stability

SF-silty Sand with excess silt--usually fairly impermeable -but hard to hold on bank
CL Clay (lean) usually very impermeable

OL Organic silt--permeability fairly low, but stability is guestionable



OH Organic clay--permeability very low, if soil is kept wet, but stability is
questionable and shrinkage cracks are probable

More factual test data supplementing the above criteria will be of considerable value
in predicting seepage losses. The permeability characteristics of the soils along the
canal may be determined by cutting undisturbed samples from the different types of soils
for laboratory permeability tests, or by making field percolation tests on the predomin-
ating soil types in place. Both of these tests have definite limitations.. The laboratory
test is necessarily made on a small sample, which may contain small holes or permeable
streaks which are not continuous in the natural structures, but would extend through the
test specimen and thereby give faulty permeability results. The analysis of field perco-
lation {ests is questionable because the material types, structural arrangement, and
lateral flow at the point of test, are frequently not representative of the area.

The laboratory permeability test follows the standard procedure** except that the
materials are placed in plastic, permeability cylinders and tested without any super-
imposed load other than the water head, Undisturbed cohesive samples are cut to fit

,the cylinder, whereas noncohesive materials sampled loose are placed in the cylinder
at their in-place density. Where permeability tests are required on noncohesive soils,
the in-place density must be determined.

The field percolation tests may be made by either measuring the amount of water
required to maintain the water level in a test hole of known dimensions at a constant
depth, or by measuring the amount of water required to maintain the water level in an
open-ended standpipe at a constant depth, For best results, it is advisable to continue
either of these tests until the rate of water loss becomes falrly constant--usually 3
days or more. The test-hole method is most adaptable to use in material of low-to-
moderate permeability where the quantity of water required is not excessive. The pit
or hole may be filled with gravel to prevent caving of the sides or erosion of the soil
which may settle in the bottom and tend to form a seal. The standpipe method may be
used in any soil, but should have a 6-inch layer of gravel in the bottom to avold disturb-
ance of the soil when the water is added. Further details on the procedure for field
percolation tests are contained in the Bureau of Reclamation Earth Materials Investiga-
tion Manual, November 1947. :

**Laboratory Procedure in Testing Earth Materials for Foundation and Construction
Purposes, Bureau of Reclamation, July 1946,



CANAL LINING MATERIALS AND CONSTRUCTION METHODS

In his text, Irrigation Practice and Engineering (180), B. A. Etcheverry established
the following requirements for a good canal lining: “‘It should be practically watertight
to prevent seepage loss and the resulting waterlogging and rise of alkall; its cost should
not be excessive; it should prevent the growth of weeds; resist burrowing animals; be
strong and durable, preferably not affected by the tramping of cattle; adapted to the con-
struction of a smooth canal of the proper shape to increase its carrying capacity and
permit the use of high velocities.’”” These, together with a reasonable amount of flex-
ibility and extensibility, are the desirable characteristics of an 1deal lining.

_ Few, if any, of the canal lining materials in common use possess all of these
characteristics, the relative importance of which depends upon problems encountered
on each installation. The several types of linings which have come into general use, and
those experimental linings utilizing new materials and construction methods, are discus-
sed in the following pages. Some of the newer-~type linings 'are described in more detail
than those which have been in common use for many years, not for the purpose of empha-
sizing them or attempiing to sell the idea, but because of the lack of information available
elsewhere. Details commensurate with the importance of cast-in-place concrete, for
instance, are not given here because such information is'-readily available in the Bureau’s
Concrete Manual. (56) The type of lining to be selected for a particular installation will
be the one with the characteristics which most nearly fulfill the requirements of the job,

CONCRETE AND MORTAR LININGS

Linings of portland ¢cement concrete and mortar may be cast-in-place, precast, or
applied pneumatically. Mixtures in which portland cement is combined with selected
natural soils are termed soil-cement and are discussed further under the general head-
- ing of Earth Materials. . ‘ .

Cast~-in-place Concrete Mortar

The term ‘‘cast-in-place’’ in this discussion refers to linings constructed of premixed
plastic concrete which is either troweled, screeded, or formed into place. Canal side
slopes are usually made sufficiently flaf, as discussed under design, to aveid costly forms;
but forming may be necessary in sSpecial cases. Some installations exist which were con-
structed with forms, but linings of this type are rarely built today. Hand or machine
screeding is and has beenfor years the most common method of construction for cast-in-
place linings. The fresh concrete is usually dumped from wheelbarrows or dragline
buckets and screeded into place by hand or by machinery built for the purpose. Photo-
graph No. 2 shows men hand-screeding a 2-inch concrete lining in a small lateral. One
or two strokes with a long-handled steel trowel finishes the operation. The concrete was
supplied by wheelbarrows opérated on the 2-inch plank at the top of each slope. Trans-
verse screeding has also been used in larger installations as illustrated in Photograph
No. 3 where concrete was dumped in the canal from a concrete bucket operated from a
dragline. The lining was placed in alternate panels to reduce final shrinkage and the
screed was pulled up the side slope by a winch on a tractor at the top of the bank.

In spite of these improvements in construction operations, progress is relatively slow
and considerable hand labor is required with attending high cost. On jobs of considerable
magnitude, it is usually found economical to utilize one of several types of slip-form or
continuous lining equipment. These may be mounted on railroad rails on the berm or, if
the lining is unreinforced, may ride directly on the trimmed subgrade, Such equipment,
which is described in more detail under the general heading of equipment, places and
screeds the concrete across the. entire perimeter of the canal as it moves, or is moved,
longitudinally along the section. The simpler slip~-form (see Photograph No. 11) which
rides directly on the subgrade has recently been used economically in small laterals and
farm ditches of only 1- or 2-foot bottoms. It is not believed adaptable to use in large
canals and obviously cannot be used for placing reinforced concrete," ,

From a study of the many miles of concrete lining in existence, it is estimated that
the average serviceable life of a properly designed and constructed concrete lining is
about 40 years. A few canals lined with thin cement mortar have been in service
for longer than 50 years. Many concrete linings have given satisfactory service for



over 30 years and are still in good condition. In 1886, a 3/4-inch cement mortar lining
was installed in 11.9 miles cf the Gage canal, Riverside, California (see Photograph No.
4), It was reported that the condition of the original lining still in service is very good,
although about 25 percent of it has been replaced for various reasons. Three miles of
the Fruitvale Mutual Water Company’s main canal in southern California lined with 1/2-
to 3/4-inch of cement mortar in 1880 is reported to be in good condition. The Hodzes
Conduit, part of the water supply for the city of San Diego, California, which was lined
in 1908 with 3-inch reinforced ccncrete, is still in service and in a generally good con-
dition although there has been some damage from back-pressures., There are many
other concrete linings in service today of ages approaching that of the above linings.
However, there have been numerous early failures of concrete linings, due to one or
more of the many factors affecting their permanence, such as design, location of the

ca.nal,dgroundwater, subgrade conditions, quality of the concrete, and construction
methods. :

The measured losses from concrete-lined canals vary through a wide range
dependent upon the quality of the concrete and the condition of the lining. Since escape
of water through unfilled cracks and joints constitutes the principal source of leakage,
the maintenance of concrete linings is essential to their most efficient use. A reasonable
less from a properly constructed and maintained concrete-lined canal should not be in.
excess of 0.05 cubic feet per square foct of wetted perimeter per 24 hours. -

Concrete linings are highly resistant fo erosion and will permit the safe use of high
velocities especially if the water does not carry an appreciable amount of sand. This
may be of considerable importance where advantage can be taken of steeper gradients
which, with the resulting higher velocities, will permit the use of a smaller canal cross-
section. Weed growth cannot penetrate a concrete lining, and while some weeds may be
found growing in the larger cracks, the necessity of routine weed removal is nil. Burrow-
ing animals, which cause numerous canal breaks, cannot penetrate such a lining. Concrete .
linings distribute concentrated loads to a limited extent, and thus are not readily damaged
by livestock or canal cleaning equipment and will successfully bridge across small holes

and washouts. They also exert an appreciable stabilizing effect on side slopes that might
otherwise have a tendency to slide out or slough,

On the other hand, concrete linings cost more to construct than any of the other
commonly-used types which may limit its use. Concrete is subject to temperature
cracking because of its high coefficient of expansion and low extensibility. If not sealed,
these cracks permit seépage g.nd thus affect the durability and life of the lining. Also,
the resistance of concrete linings to external hydrostatic pressures due to groundwater
conditions, or from a rapid drawdown in the canal water level, is quite limited. In north-
ern climates where considerable below~freezing weather is encountered, frost heaving
(Photograph No, 6) is undoubtedly the greatest factor.in the destruction of concrete linings.
The provision for adequate drainage and proper preparation of the subgrade, 'as discussed
under the general subject of design, is perhaps the most effective protection against frost

heaving. Where such conditions are to be anticipated, it may sometimes be advi _
omit lining. Extensive damage may result from freezin 3 arvisan.e o

i : g and thawing in a concrete-lined
canal in year-around use as illustrated by Photograph No. 7. Laboratory tests and field
experience have demonstrated, however, that the addition of an air-entraining agent to
the concrete mix will greatly minimize this destructive

action. It is theref icu-
larly important that a properly designed mix, with air entrai erefore particu

: ent, be utilized { -
crete linings in locations where severe conditions of exposure can ’be a.nticiézteir eon

In an effort fo lower the cost of canal linings, there has been an increasing r i
of the desirability and practicability_of relaxing the requirements for alignmegnt,egz?agcrllétlon
and finish, for standard concrete linings on Bureau projects. This idea has taken posit’ive
form in more liberal tolerances which have been adopted recently and now appear in '
Bureau specifications. These permit a departure of 4 inches from established alignment
and a departure of 1 inch from established profile grade. A minus variation up to 10 per=-
S:irrl;cean zgeé:;{?d 1':hic‘:11::1%;3$(si 15 ngv.;: pl;arxnlissible, provided that average thickness is main-

’ rmine a atch vo es. i i
et o tg s uy.{re umes. For the past year Bureau specifications

) a minimum of hand trowelling. No hand trowelline is
required when reasonably workmanlike results are obtained w3 - o
trowel as the lining slab emerges from the slip e it L el

i 2 W ~form canal lini ine,
simplification of this finishing procedure is under consideration. iscling, Pusther



Among the various canal linings having the qualifications of a lower-cost lining--
low maintenance costs and long life as well as moderate first cost,--the possibilities of
a simplified concrete lining have attracted increasing attention. An approach to such a
lining has been made on the Gila project in the pit-run concrete lining placed with a slip-
form (see description in section on equipment), although either pit-run or screened fine
and coarse aggregate might be used. Such a simplified concrete lining may be placed
under specifications requiring a minimum of control refinements. Pit-run aggregate
may be satisfactorily utilized if of suitable quality and grading, and if series segregation
is prevented by wetting and care in handling and batching. Screened material propor-
tioned to contain 50 to 60 percent sand will expedite placing and finishing. A cement
content of about 5-1/2 sacks per cubic yard of concrete is adequate for the average job.
Pit-run material containing more than 60 percent sand will require additional cement-=
one-half sack per cubic yard for each additional 10 percent of sand, Batching may be
by any method that will maintain the cement content within a variation of 5 percent plus
or minus. Entrainment of 3 to 5 percent of air will be required to facilitate workability
and finishing, and to improve durability,

Finishing may be largely eliminated where a fairly smooth surface is left by the
slip-form. Piano wire alignment and rail guides are not required for operation of the
slip-form which may be guided, as was the slip-form used on the Gila project, by a for-
ward pan sliding on the trimmed subgrade. Tolerances need be no more restrictive, and
probably less if necessary for significantly lower costs, than the 4-inch deviation from
line and 1-inch deviation from grade, which has been established in new specification
tolerances for standard concrete linings. Trimming costs in small canals can be greatly
reduced by the use of longitudinally operating blades and graders working to liberal but
practical tolerances. Wherever practicable, turnouts and similar structures should be
constructed in advance of lining operations and should be designed so that the structure
is recessed to permit frimming and lining equipment to pass without interference. Suit-
able blockouts will, of course, be necessary for subsequent construction of bridge plers,
checks, and overchutes.

The serviceability that might be expected from such simplified concrete linings is
indicated in the 27- and 34-year-old linings of the Franklin County and Burbank irrigation
districts near Pasco, Washington (Photographs Nos. 8 and 9). The Franklin County linings
are still in service while the Burbank canals were abandoned because of financial difficul-
ties in 1925 after 12 years of service. Both linings are in good condition and have evi-
dently required very little maintenance. Such performance would make a simplified con-
crete lining highly competitive with other lower-cost lining materials having less prospect
of low mainienance and long life,

Reports from India to the effect that relatively weak concrete linings containing
impure slaked lime were giving excellent service, led to a series of tests in the Denver
laboratories aimed at developing a mix with greater extensibility and less drying shrink-
age. Although results in the main were negative, some detail of the series is given here
as a matter of record. Tests were conducted using hydraulic lime alone as the binding
agent in concrete and in combination with portland cement. Asphalt emulsions were
added to regular concrete mixes and the effect of air entrainment beyond the recommended
amounts for durability was investigated. It was found that as the air content was increased
above 5 percent, the drying shrinkage increased and the strength and elastic modulus
decreased. Restrained specimens containing air up to about 5 percent appeared to crack
at about the same age as concrete without entrained air. However, specimens containing
7 percent or more of entrained air cracked earlier with increased air. It may be concla-
ded, therefore, that the reduced cracking which should result from a lower elastic modulus,
is more than offset by increased drying shrinkage when high percentages of air are
entrained. A similar effect was obtained with additions of asphalt emulsion.

In mixes containing hydraulic lime as the binding agent, strength was so low that
tests on restrained shrinkage would have been meaningless., Compressive strength at
28 days for concrete containing from 500 to 600 pounds of hydraulic lime per cubic yard,
was about 400 psi. Test specimens of hydraulic lime concrete disintegrated completely
after less than 10 cycles of freezing and thawing. The use of hydraulic lime in combina-
tion with portland cement resulted in a decrease in compressive strength of the concrete
at 28 days, in proportion to the amount of hydraulic lime used. Restrained shrinkage
tests of concrete containing 10 and 20 percent hydraulic lime indicated less resistance
to cracking than the control specimens of all portland cement.
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Cost oi' Concrete Linings

Understandably, the cost of concerete lining varies widely with a number of factors
such as location, accessibility of the region where construction is to be undertaken,
competition among bidders, rigidity of specification requirements, and general economic

conditions. Because of these variable factors, it is almost impossible to establish the
cost of concrete linings with any degree of accuracy. '

The cost of concrete lining installed by the Bureau of Reclamation has varied
considerably as shown in Table 1. This has been especially true for the last few years,
and it is impossible to determine a reliable cost for concreie lining under present con-
ditions. However, during the years 1927 to 1940, construction costs were fairly constant.
To secure reliable data on the cost of concrete linings, bid prices and cost reports for
the linings installed by the Bureau during this period were secured and analyzed. Since
1t was known that many bidders purposely unbalance their bids, an average of the three
lowest bids was utilized where three or more bids were received. If less than three bids
were recelved, an average of the two bids, or the one bid only, was used.

It was realized that the costs of these items would vary with the section of the country,
but no attempt was made to take this into account because the questionable accuracy of
other assumptions did not warrant it for this purpose. Nor were all projects used; if some
local condition, such as a large amount of rock excavation or inaccessibility of the-job
resulted in unusually high prices, they were elininated. In making this study, only the

major items of construction were considered; namely excavation, compacted embankment,
trimming, and lining for lined canals,

An attempt was made to correlate the varying unit cost of each item with the quantity
involved or the size of canal. It was found that the cost of concrete did not exhibit any
definite tendency to vary with the size of canal, but it did show a good relationship with
the quantity of concrete involved. For small yardages of 250 to 400 cubic yards, the
average cost was about $19.50 per cubic yard including cost of materials and labor and
decreased with increasing quantities to approximately $14.50 per cubic yard for quanti-
ties of 8,000 cubic yards and over. An average weighted cost was determined to be about
$16.75 per cubic yard such as would be applicable to a yardage of 2,500 cubic yards.
This value was used in future computations in this report. .

i

The unit costs of excavation, compacted embankment, and trimming, evidenced a
much more definite relatlpnshlp to the size of canal than to the individual quantities
involved. The average unit cost of excavation varied from a high of approximately $0.19
per cubic yard for small canals and laterals of 10 to 30 cfs capacity to $0.10 per cubic
yard for canals of 200 cfs capacity and larger. . The high cost of excavation in the smaller
canals and laterals is undoubtedly due to the small cross-sections and the relatively small
yardage which precluded the use of large earth-moving equipment, such as is normally
employed for excavating the larger canals. The unit cost of compacted embankment
remained fairly constant for canals of all capacities at about $0.20 per cubic yard. The
average unit cost of trimming the canal subgrade increased with increasing canal capac-
ities from $0.19 to $0.36 per square yard. This increasing cost for larger canals may
be due to the fact ’_c.hat the trimming of the small canals has usually been accomplished in
the past with unskilled hand labor or with simple, relatively inexpensive equipment
‘whereas the large canals required the use of large, costly, specially-built equipmex,lt
Although this equipment speeded up operations considerably, it had'to be amortized in
coglstrpction cost on the one contract and actually resulted in higher unit costs of
trimming.

Figure 2 shows the average total construction cost for 3-inch rei

lined canals of various capacities. The data angd graphs presented %rgg: %ﬁg ggggirr?éeof

Design of Lined Canals were used to determine the dimensions of the cross~sections for

the various canal capacities shown. These cross-sections, which represent average ‘

Bureau of Reclamation design., were used to compute the yardage of excavation, compacted

%?Ehagggg;f) ﬁsriz?hn;iggétagfd 3&‘5 }:_er gtatign {oer tus<135with the above unit costs, As shown
’ ation is aboul Q 1o percent, compacted embankment

3 to & percent, trimming 14 to 16 percent, and the lining 64 to 7 ; otal oc

e 3B et minlng 1 ) , ng o 72 percent of the total cost

o o Hheor expens%l.‘ete lined section. Thus the cost of the lining and the trimming

A further breakdown of

the
is shown by Figure 3. Co cost of a concrete lini

A ing into the various items of e
nsidering only the lining, the cost of placing the concretexi%extf:
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DEPARTMENT OF THE INTERIOR
BUREAU OF REGLAMATION

CONCRETE LINED GCANALS

COST DATA BASED ON CONTRACT BID PRICES AND CONTRACT COST REPORTS

UNITED STATES
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UNITED STATES
DEPARTMENT OF THE INTERIOR
BURE AU OF RECLAMATION

CONCRETE LINED CANALS
COST DATA BASED ON CONTRACT BID PRICES AND CONTRACT COST REPORTS
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largest item of expense and amounts to an average of approximately 50.8 percent of the
total, exclusive of trimming. Another important fact shown by the graphs is that the cost -
of the reinforcing averages about 18 percent of the cost of a 3-inch reinforced concrete
lining. Of the remainder, the cost of cement and of aggregates is 18,1 and 13,1 percent,
respectively, of the total cost of the lining. Including the cost of trimming, which is
usually considered as part of the cost of lining, these data indicate that approximately

63 percent of the total cost of the lining is for construction operations and onty 37 per-
cent for materials. : . .

A study of 13 contracts awarded by the Bureau of Reclamation during 19486 for the
construction of concrete-lined canals indicates that the average unit cost of a 3-inch
reinforced concrete lining during that period was approximately $1.95 per square yard,
exclusive of trimming. The average cost of trimming was determined to be about $0.50
per square yard. However, the majority of these contracts was for large canals involving -
considerable yardages of lining and trimming. Unit costs for smaller canals and laterals
will usually be somewhat higher. A study of 1927 to 1940 bid prices and cost reports
revealed that the average weighted unit cost of a 3-inch reinforced concrete lining includ-
ing trimming, was $1.40 per square yard. The Bureau of Reclamation cost index for this
type of construction during the first'half of 1948 was about 1.7 based on January 1940
cosis, and applying this index to 1927 to 1940 prices results in a unit cost of $2.38 per
square yard. This figure is probably more nearly representative of the average cost of
a 3-inch reinforced concrete lining during early 1946. Applying an index of 2.8 for

“Qctober 1947 indicates a similar unit cost of $3.08 per square yard for the later period.

The development of a subgrade guided slip-form (Photograph No, 11) for placing
concrete lining on the Gila project was a significant step toward economy. This equip-
ment is deseribed further in the section on Canal Construction Equipment. Experience
in lining several miles of medium-size laterals has demonstrated the importance of
using a traveling-type mixer in conjunction with the slip~form if full advantage of such
equipment is to be realized. Stationary-type mixing equipment, even though mounted on
a truck, was not capable of supplying concrete at the rate necessary for smooth and
economical operation of the slip-form. Although cost records were not kept on the Gila
installations, project forces have estimated, from the rate of construction achieved and
the necessary manpower required, that a 2-inch unreinforced concrete lining can be
placed for about $0.60 per square yard, This figure, however, is not comparable to
costs listed in Table 1 since it does not include any charge for overhead or profit and
is exclusive of final trimming. The $0.60 per square yard does: include all direct labor
and materials for mixing and placing the lining and a reasonable rental charge for equip~
ment. This low figure was obtained when using a pugmill-type traveling plant mixer
which fed the concrete mix directly into the slip-form hopper. The mix contained pit-
run aggregate and about 5.8 sacks of cement per cubic yard. : '

During the years 1922 to 1945, the Merced irrigation district, California, lined
approximately 102 miles of canals, the cost of which varied from year to year. In
1941-42, 28,215 linear feet of existing canal was lined with a 2-inch unreinforced con~
crete lining. The base width of the lined canals varies from 2 to b feet and the water
depth from 1.6 to 4.2 feet. The unlined canal section was backfilled with imported soil,
reshaped with either team and fresno or dragline to the approximate dimensions required
for a lined section, rough graded by hand and then compacted by filling the canal with
water impounded to the proper depth by temporary earth dams. After the water had been
drained from the canal and the subgrade was sufficiently dry, the section was fine-trimmed
and the 2-inch lining installed with screed boards spaced at 6-foot intervals. This lining
was placed at a total cost of approximately $0.90 per square yard which included the cost
of all labor and material for clearing, backfilling, puddling, trimming, placing lining,
installing structures, and engineering, However, this work was accomplished by district
forces and the above costs do not include any profit such as would be the case if it were
contract work.

Early in 1947, the Turlock irrigation district, California, awarded a contract for the
lining of 179,101 square feet of existing canals. A 2-inch unreinforced concrete lining
was speclfied, The method employed in constructing the canal was very similar to that
of the Merced irrigation district described above. The canal cross-section varied from
a base width of 2 to 3 feet and a depth of 2.25 to 2.5 feet. The total cost, which included
labor and materials for removing old structures, regrading existing canal to proper
shape, puddling to secure compaction of the fill, trimming of the subgrade and mixing,

12



lacing, and curing, the 2-inch lining was $1.62 per square yard., Of this fotal, the cost
gf allngzmcrete ma%érials and their placing was approximately $1.31 per square yvard.

Bids were accepted in October, 1247, by the Turlock irrigation district for the
placing of 79,100 square feet of 2-inch unreinforced concrete canal lining. The low bids
for this work varied from $1.50 to $1.58 per square yard, ?.nd it is understood that this
cost included regrading of existing canals, puddling, trimming, and placing of the lining.
These comparatively low costs for contract work compared to t.he_ usual Bureaq-costs
for similar work are attributable to a number of factors. In the first place, a lively
competition exists among a number of small local contractors for such work because
of a more or less sustained lining program in the local area. But of perhaps greater
importance is the fact that the specifications are less rigid and exact than past Bureau
specifications have been. These local contractors are thoroughly familiar with the
irrigation districts’ requirements and know from first-hand experience ihe degree of
workmanship that will be expected and how rigidly the specifications will be enforced.
Thus their bid prices do not have to reflect the uncertainties that exist on many con-

struction projects as to the enforcement of the specifications and the degree of
inspection.

A considerable amount of concrete lining has been placed in canals in the Lower
Rio Grande Valley region in Texas, In 1935, the Hidalgo County Water Control and,
Improvement District No, 8 installed 4,874 lineal feet of 1-3/4~inch concrete lining in
the main canal extension which had a parabolic cross-section with a water depth of
2.58 feet and a top width of 8.34 feet. The lining was reinforced with 4 by 8, No. 12
steel mesh and was installed at a cost of $1.31 per square yard. This work was accom-

plished by contract and this low price for contract work was due mainly to a plentiful
supply of cheap labor.:

Concrete Reinforcement Steel

The value of reinforcement steel in concrete canal lining is a point about which a

great difference of opinion exists. Many engineers content that reinforcement will be-
economical over a period of years as a result of 2 lon

2 ] develops in a reinforced concrete slab wh :

changtg, resulting from moisture loss, takes place. This volume change ignrgg%ggg by

the reinforcement steel thr'ough its bond to the concrete and causes tensile stresses in
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ess ici i '
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There appear to be two theories as to the ultimate effect of this controlled cracking
in concrete slabs of considerable lenzth. One theory, which has not been thoroughly
tested in field installations, is based on the idea that the steel does not prevent the
shrinkage of the concrete but merely distributes it into numerous hair cracks. When
the stress at a crack is iransferred to the steel, the bond of the concrete on the steel
is destroyed for a short distance on each side of the crack. If the reinforcement is of
sufficient cross-sectional area to prevent its failure from this stress, the elongation of
the reinforeing over the length on which the bond was destroyed permits the opening of
the crack by a small amount. This opening, though, is sufficient to cause the slab near
the crack to move slightly on the subgrade so as to reduce the frictional force and also
the oppesing tensile stress in the steel. This movement at each crack, and the subsequent
reduction in steel stress, is sufficient to prevent the accumulation of stress in the steel to
a point where the yield-point of the steel will be exceeded. If this analysis is correct, the
maximum stress that would be developed in the steel would never exceed that required to
produce a tensile failure in the concrete slab., Theoretically, the maximum amount of
steel required would be that at which the tensile strength of the steel slightly exceeds the
tensile strength of the concrete. This theoretical amount will depend upon the yield-point
of the steel and the tensile strength of the concrete. Experience has shown that a consid-
erably smaller amount than that theoretically required will give satisfactory results.
This may possibly be due to the reduction in tensile stress resulting from a slight open-
ing of the crack and to the fact, as many engineers contend, that the stress is concentrated
in the area of concrete immediately adjacent to the reinforcement instead of being more
or less uniformly distributed across the cross-sectional area of the concrete, Most
authorities agree, though, that an area of steel equal to about 0.25 to 0.3 percent of the
area of the conerete should be adequate for most structures.

According to the other theory, when the stress-in a reinforced concrete slab is
transferred to the steel, the bond is destroyed as before and a small opening of the
crack occurs. This opening, though, is not suificient to prevent the progressive increase
in the tensile stress in the steel at each successive crack. Eventually the yield-point of
the steel is exceeded and an open crack occurs. In this case, the minimum amount of
steel that would be of value in controlling cracking resulting from external restrzint is,
theoretically, that amount at which the tensile strength of the steel and the concrete is
approximately equal, Actually, this minimum amount could probably be substantially
less because of the reduction in stress due to the slight openings of the c¢racks. An
increase in the cross-sectional area of the steel will increase the distance between cpen
cracks resulting from failure of the steel.

In either case, if the steel is to effectively conirol contraction cracking, it must be
used in an amount sufficient fo prevent its being stressed beyond the elastic limit when
the concrete cracks. While it is known that the actual cross-section area of steel
required to accomplish this is less than that required from a theoretical analysis, there
is not sufficient evidence to determine the permissible reduction in the theoretical
amount. But as stated before, about 0.25 to 0.30 of 1 percent of steel has been found to
be satisfactory for control of cracking in other structures and it is fell that this should
be fairly applicable to canal linings. The wisdom of using a substantially smaller amount
of steel to control cracking appears questionable. -

A function of reinforcement steel that is important in concrete highway pavements is
that in addition to causing fine hair cracks, it aids in holding the ruptured pieces of slab
together and facilitates the transfer of wheel loads across the crack. This last considera-
tion--the transfer of unequal loading across the cracks--is of little importance in canal
lining design because it is seldom that the canal lining will be subject to anything but a
uniform loading. A comparable situation might occur if there were considerable differ-
ential settlement of the canal subgrade which would produce an uneven support for the
lining. This settlement, especially in the case of 2 large canal, would possibly cause
serious cracking, and reinforcement would aid in holding the pieces of slab together.
For that reason some engineers feel that although reinforcement in sufficient amount to
control cracking in concrete linings may not be warranted under normal conditions, a
light reinforcement is desirable and justifiable in that although it may not materiaily
effect the size and spacing of the cracks it does aid in preventing the easy displacement
of the broken sections of the slab. This should be particularly true for thin concrete
linings in which the edges of the cracked slab.would have limited interlocking action. As
a compromise measure between well-reinfiorced and unreinforced concrete linings, the
linings of the Coachella canal in southern California, and the larger ¢anals and laterals
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of the Yuma Mesa division of the Gila project in southwestern Arizona, were constructed
with about 0.1 of 1 percent of reinforcement consisting of wire-mesh fabric. This low
percentage of steel was deemed sufficient to hold the ruptured pieces of slab in position.

Unbalanced hydraulic pressures under the lining will, if of sufficient magnitude,
cause flotation of the lining. Although reinforcement would not aid materially in prevent-
ing the cracking of this lining by these forces, it would, in this case also, assist in hold-
ing the eracked slab in place. But the benefits of this assistiance may be questionable
since the reinforcement may increase the extent of the damage by preventing the local
failure of a small section that would relieve the pressure in its early stages. Photograph
No. 10 is of a section of the Contra Costa canal in California that was badly damaged by
flotation. If the lining in this case had not been reinforced, it is reasonable to assume
that the damage would have been confined to a smaller area which would have broken
through earlier and relieved the pressure, thus reducing the damage considerably.

This is further borne out by the field report on the thin, unreinforced, mortar lining
of the Gage canal near Riverside, California, which sustained considerable damage from
unbalanced hydrostatic pressure. It was reported that the company’s general manager
averred that a light reinforcement would have made matiers worse since large sections
instead of small sections would have been broken out. '

The use of reinforcement steel substantially increases the cost of construction of a
concrete lining, Recent unreinforced concrete lining installations in small canals and
laterals have demonstrated the feasibility and economy of using a simple slip-form
canal lining machine which rides upon the trimmed subgrade of the canal prism. See
Photograph No. 11. No expensive fracks are required to support the machine, However,
they have not been employed for installing reinforced concrete lining because the rein-
forcement steel which must be laid prior to the placing of the concrete has precluded the
use of 2 machine which rides on the subgrade. Instead, a2 more complicated machine

must be employed, supported on tracks set to correct grade and alinement on the canal
banks or supported on some type of tread.

In addition, in order that the reinforcement steel may function effectively and be
protected from corrosion, it must be maintained in its proper position in the slab. This
requires that the steel be placed accurately. Drill cores from canal lining have shown
that displacement and lowering of the steel during placement of the concrete is a common
occurrence, and positive means must be taken to insure that no displacement occurs. ,
These drill cores have also shown that unless considerable care is exercised in the ¢on-
trol of the concrete mix and in the placement of the concrete with the proper amount of
vibratory. compaction, honeycombing of the concrete near and particularly under the
reinforcement bars may occur. These honeycombed areas, in addition to reducing the

strength of the lining, may result in early failure of the steel due to corrosion by water
collecting in these pockets.

Reinforcing steel undoubtedly improves the structural quality and strength of concrete
canal lining in certain respects.

Approximately .25 to .30
canal ining 1n Comeain respects. y percent steel largely controls

m practically watertight hai ids i s
the separate slabs and broken pieces of Slab y ght hair eracks. It aids in holding

: ] together, and also increases the factor'of
safety against canal failures. Under conditions where subgrade conditions are suci that
considerable setflement or irost heaving can be anticipated or where safety against canal
failure is of unusual importance, the use of reinforcement may be desirable and justifiable.
?%Yevsel’;ﬁ :;c c%g;lsign to dtjlse reméorc%mtgnt should be based upon a consideration of the

actor een discussed, and the benefits i -
Taily belanced againat the asse oy 11s accruing from its use should be care

There are a number of existing unreinforced coﬁcrete canal linings

. A which ha ven
sat1.sfact'ory service for many years, The Riverside Water Compa.nygof Riversid‘f-:-e gtve
calgggglg, hassadop;cgd glé?.-cuﬁ;ﬂ}uémreuﬂorced concrete-lined section as the sta.nda’rd for
_ o Lo e > p .

Wza.ll reportanaled > Alve I{ecom ngineer of the Turlock irrigation district in California

mended in 1840 that eanals up to a 24-foot perimeter be lined

2-I » s 3
\g’ilt:hl 2 ézéghcgiﬁgforced concrete, and that a 3-inch unreinforced concrete lining be used

If sufficient reinforcement is used t ki 143 e
providing contraction joiats ed to control cracking, the additional benefits of

in the same lining appear limited. The primary function
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of both is to control the contraction cracking, and experience has shown that either one,
if properly employed, will satisfactorily accomplish this. However, if both reinforce-
ment steel and contraction joints are used in the same lining, a very important factor,
which is often overlooked in the design and construction of the lining, is that the rein-
forcement should be broken at the joints or grooves if the latter are to be of any bene-
fit. With continuous reinforcement, a hair crack may occur in the joint or groove similar
to those that will occur elsewhere in the slab, but the steel will prevent the formation of
an open crack that would relieve the stress. Such a crack would then occur only where
the stress transferred to the steel by the cracking of the concrete exceeded the yield-
point of the steel; this would not necessarily be in joints or grooves. As reported in the
Bureau of Reclamation’s Concrete Manual, (58) experimental sections of 8-inch rein-
forced, articulated -lining near the New River siphon on the All-American canal have
shown that the more or less random transverse cracking associated with continuous
longitudinal reinforcement may be largely eliminated by concentrating the shrinkage at
transverse joints spaced about 20 feet apart at points where the reinforcement was
broken. One method of accomplishing this is to place the reinforcement so that the
longitudinal bars are placed with one end of the bars about 2 inches from the groove at
one edge of the panel and extending about 6 inches past the groove at the opposite panel
edge and into the adjacent panel. These projecting ends are covered either with paper
sleeves or bituminous material to prevent bond of the concrete and steel, and serve as
dowels between the panels. If contraction grooves and reinforcing steel are used in this
manner, the grooves will tend to produce 2 straight, uniform crack at the break in the -
reinforcement instead of a jagged, irregular break. This would aid in the filling and
maintenance of the cracks.

Contraction Joints

The design of concrete canal linings is similar in many respects to that of a conerete
highway pavement. Unlike the analyses of most other engineering structures in which the
basic principles of design are commonly accepted and in which the computations can be
made with a reasonable degree of accuracy, ¢oncrete linings and pavements cannot be
subjected to a dependable mathematical analysis. This fact is primarily due to the variable
and indeterminate nature of the factors involved in the latter two types of construction.
Many of the problems can only be solved by field tests and studies of service records of
existing structures. That a number of the problems concerning pavements have not been
satisfactorily solved is attested by the wide divergence of opinion and practices among
highway engineers as to a properly designed pavement, and by the many different types of
slabs that have been adopted by various state and Government agencies engaged in high-
way construction. During the past 25 years, the United States Public Roads Administration
and others have made extensive tests and studies of practically all phases of pavement
design in a continuing effort to solve the problems of design and construction. Although
this has not resulted in any exact method of analysis, it has given the enginzers a better
understanding of the problems and has led to a marked improvement in pavements.

A comparable sifuation exists in regard to canal lining. But due perhaps to the
smaller volume of this type of consfruction, much less consideration and effort have
been devoted to the solution of the difficulties and problems encountered. Since there
is considerable similarity between the design of pavements and canal linings, many of
the results and conclusions reached by highway engineers as a result of these tests and
studies should, within limitation, be applicable to canal lining design.

One of the disadvantages of a concrete slab for highway pavements or canal lining
is the inevitable cracking to which it is subject. It is impossible {0 construct an exposed,
concrete slab of any great length that will not be cracked by the induced stresses. These
stresses result principally from either a temperature or a moisture change in the slab
or from a combination of the two. Concrete expands as the temperature increases, and
contracts as the temperature decreases, In much the same manner, concrete expands and
contracts with changes in moisture content. The amount of contraction or expansion, and
the amount of induced stress, will depend upon the water-cement ratio, cement content,
kind and size of aggregate, age of the concrete, etc., and these factors affect the modulus
of elasticity of the concrete.
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The stresses induced in a conecrete slab by a temperature variation are of two kinds;
namely, stresses caused by the temperature being uniform throughout the slab but varying
with time, and stresses caused by a temperature differential between the upper an_d lower
faces of the slab. If the temperature is uniform throughout the slab but varying with time,
simple tensile or compressive stresses will be produced. As the concrete cools, the con-
traction tends to be resisted by the friction of the slab on the subgrade. The magnitude of
the resulting tensile stress will depend upon the amount of frictional resistance between
the slab and the subgrade and upon the vertical pressure on the subgrade. This stress is
normally quite low when the slab is unloaded, but the maximum may occur when a warm
slab is suddenly subjected to a full load by filling the canal. Thus, if the temperature of
a 3-1/2-inch slab 20 feet long decreases when the canal is suddenly filled to a depth of

10 feet, the resulting tensile stress, assuming a coefficient of friction, “t’’ of 1.8,
would be:
St - WL{ _ (44+624) x 20 x 1.8 - 286 psi
24 t 24 x 3.5
where::
W = Vertical 1oad in pounds per équare foot
L, = Length of slab in feet

This stress, while it is dependent on the coefficient of friction which may vary from
0.5 to 3.0 dependent upon the type of subgrade, may be sufficient to cause cracking.

The compressive stress resulting from either a temperature or moisture increase
is of little concern for two reasons. In the first place, a slab which is fully restrained
at both ends and subjected to a 100° F increase in temperature will develop only about
1,500 psi of compressive stress. This is considerably below the average compressive
strength of good concrete. Secondly, the expansion of concrete due even to complete
saturation is never as great as the contraction that results from the drying-out of the
concrete shortly after the placing. Unless the contraction cracks resulting from the
setting shrinkage have become filled with incompressible material, considerable .
expansion due to an increase in temperature can occur before the cracks will be closed.
However, the lining may act somewhat as a thin column, and even this low compressive
siress may cause buckling, particularly of thin linings placed on uneven subgrade. But
if the contraction cracks or grooves are filled with an elastic material to prevent the

entrance of sand or silt, and if the subgrade has been finished to a reasonably uniform
surface, such failures are not likely to occur,

When one face of a slab is at a higher temperature than the other, the edges of the
slab tend to curl in the direction of the colder face. Assuming a uniformly varying tem- -
perature differential between the two faces of the slab, if there were no restraint to this
curling action, no warping stress would be induced in {he slab. But the restraint varies

from a minimum, due to the weight of the slab itself, to complete restraint, as in a slab
having no free ed

g ¢ ges. The amount of the warping stress resulting from this curling
action will depend upon the amount of restraint, the temperature differential between

the two faces, and the thickness of the slab. An increase i
increase the warping stress. AS & result of a 1 n any of these factors will

) arge number of tes

Bureau of Public Roads at Arlington, Virginia, it %vas found that ?Chgsmcong;lcﬂ:gdtgigga_
'gu.re differential between the two faces of a concrete pavement slab was closely approx-
imated by the rule that the temperature differential is equal to 3h, where “‘h” is the
slab thickness in inches. Using this value for the temperature differential and the
Bureau of Public Roads’ formula for warping stresses, the stress in a 3-1/2-inch con-
crgte slab under full restraint to warping is only approximately 93 psi, which is con-
iileiiae‘g}gclla‘g}cgw gm:wix‘rreer;.ag: 28i}day flexural strength of approximately 600 psi for pave-
Hrousho: e haoweve lﬂ,leSS, al?gmly varying temperature differential seldom exists

the :
than those indicated for this ceass temperature stresses may be considerably greater

Variations in the moisture content of the slab mann
€ produce stresses in the sam er
as temperature variations; an increase in moisture content causes expansion c?f the slab

and vice versa, Tests have indicated that th i
uration is equal to about two-thirds of the coit?ai}:u on which coeurs from sorRicte sat-

tion which occurs from the initial
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drying shrinkage and is approximately equal to the expansion that would be produced
by a 1000 F increase in slab temperature, The tensile stress produced by a uniform
decrease in moisture content is about equal to that produced by a decrease in temper-
ature since the amount of contraction has little effect on the value of the tensile stress,
The compressive stress resulting from an increase in moisture content may be larger
than will ever occur from a temperature increase but should never exceed the average
compressive strength of concrete.

The stress that may possibly cause a large part of the cracking in a conerete canal
lining is the warping stress resulting from a differential in moisture content between the
upper and lower faces of the slab such as would occur when water is turned out of 2 canal
and the upper face looses its moisture, Little data are available on the variation of the
moisture content of a slab or the warping stress that may result. However, such stress
may be induced in the freeboard of a concrete canal lining, due to the portion of the lining
below the water surface being completely saturated, whereas the freeboard is compar-
atively dry. This may account for the larger number of cracks in the side-slope slabs
than in the base slabs.

There is at present no generally accepted method of computing the value of these
stresses because of the many variable and unknown factors. The canal lining cannot
economically be designed to resist them and to eliminate cracking, but the latter can
be conirolled to a limited extent in two ways.

Reinforcing steel can be used in the concrete to cause the formation of hair cracks
at relatively close spacing instead of larger cracks at greater spacings as in an unrein-
forced slab. The effectiveness and value of reinforcing in concrete canal lining has
already been discussed.

Another method of controlling eracking in conerete slabs is by the use of contraction
joinis or weakened planes spaced at the proper intervals so that the ¢racks will occur in
these joints instead of at variable intervals. When a concrete canal lining is placed by
hand, it is a common practice to construct the lining in alternate panels, and the bond
between the panels, being weaker than the slab itself, concentrates the cracking in the
construction joint. In addition, a large number of different types of formed contraction
joints have been used in the past for this purpose. The most common type of contraction
joint at present is the weakened-plane, sidewalk dummy joint such as the Bureau of
Reclamation employs almost exclusively. This joint is merely a narrow groove formed
in the concrete to a depth of about cne-third of the thickness of the lining. This forms 2
weakened section where cracking will usually occur.

Due to the undeterminate nature of the stresses which may occur in a lining slab, the
spacing of contraction joints is not subject to satisfactory theoretical analysis. It will
vary with size of canal, thickness of lining, climatic conditions, type of subgrade soil,
and properties of the concrete. The choice of spacing must be based on past experiences
and on the performance of existing linings. Almost all reinforced concrete linings designed
and constructed by the Bureau of Reclamation during 1935 and 1938 were provided with a
transverse contraction joint spacing of 8 feet. This was changed to a spacing of not less
than 8 feet nor more than 20 feet for canals designed during 1937 to 1939. During 1940 to
1941 this joint spacing was established at 10 feet for reinforced concrete canal lining, but
since 1941 the joint spacing has varied to a certaln extent with the size of the canal, For
canals of greater than about 500 cfs capacity, the spacing has been about 15 feet, and for
canals of less than 500 cfs capacity, the spacing has been about 10 feet. Until recent
years, very little unreinforced concrete canal lining was installed by the Bureau of
Reclamation. However, a considerable amount of it has now been placed and the joint
spacing for this type of lining has been about 3 feet less than for a reinforced concrete
canal lining in the larger canals and the same as for a reinforced lining in smaller canals,

A study of all the data and information on this subject, that are available in reports
and records of existing linings, indicates that transverse contraction joint spacing of
8 to 10 feet for unreinforced concrete linings in the smaller canals is usually adequate.
Only a limited amount of data is available on the performance of the larger canals with
regard to-contraction cracking, but it appears that a spacing of joints at about 12 feet is
satisfactory for unreinforced linings in these larger canals, If contraction joints are to
be used in a discontinuously reinforced canal lining, the above spacings can probably be
increased by about 3 feet.
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Longitudinal joints or grooves are not required in the smaller canals o control the
cracking. However, in the large canals of 3,000 to 5,000 cfs capacity, it is the practice

of the Bureau of Reclamation to specify one or more grooves in the base slab and each
side-slope slab depending on its size.

If a concrete lining is to effectively fulfill its intended purpose, it is important that
the open crack be filled with an impermeable, elastic material to prohlbit the loss of
water through the cracks. In addition, the elastic filler prevenis the entrance of incom-
pressible material, such as sand and silt, into the crack, and thus permits considerable
expansion of the concrefe before compressive stresses are developed. If dummy grooves
are used to control cracking, it is advisable to fill the grooves at the time of construction,
since filling at a later date would entail prior cleaning of sand and silt from the grooves.

The Bureau of Reclamation follows this practice of requiring the filling of the grooves
at the time of construction and provides that the filler may be applied prior to the applica-
tion of the curing compound and as soon as the concrete has become sufficiently hard to
prevent appreciable damage to the groove or the conerete. Further provision is made
that the grooves may be filled subsequent to application of the curing compound, providing
positive means are employed to insure that the compound does not enter the groove since
it prevents a good bond between the filler and the concrete. The material used by the
Bureau for filling these grooves 1s a speclal cold-applied, internal set-up mastic filler.
This filler is made by mixing dry ingredients of powdered asphalt, short-fibred asbestos,

diatomaceous earth and powdered limesione with liquid ingredients of an asphaltic fluzoil
and a plasticizer to form a workable semiliquid compound.

' Thickness of Concrete Linings

The thickness of a concrete canal lining is usually determined from empirical
knowledge of similar existing installations. The factors of location, canal size, subgrade
conditions, exposure, method of construction, procedures of operation and maintenance,
and canal hydraulics must be reviewed and considered in establishing the lining thickness.

In general, the thin unreinforced mortar linings have been most successfully used in

the temperate climates such as southern California and the Lower Rio Grande Valley of
Texas. In the rigorous climate of Montana, Wyoming, and Washington, heavier reinforced
concrete linings have been usually constructed. To pr

ovide a2 measure of resistance to
surface disintegration of the conerete and also to frost heaving in the subgrade, a con-
crete lining which will be subjected to severe climatic conditions is usually made 1/2 inch
greater in thickness than a similar lining tn a mild climate.
In all locations the size and importance of the canal have been important factors in
selecting the thickness of lining., The additio i :
Tioker Tining has resdlid 1o tlgle nal resistance to rupture provided in a

5 major canals being lined with a h
considered necessary or justified for lateral distrﬂ;gution systerﬁs.eaﬁer section than

Under present practice, concrete linings designed by the Bureau of Recla,
mation will
vary from a 2-inch minimum {o the 4-1/2~inch reinforced concrete lining on large canals
?:fa.n tl;fscac;llmg aEsa.sin ngoaj‘ect. Tht%i Ziinnch thickness is generally confined to smaller
. verage thic '
S S 1s about 30175 1 c;ghes. ess of linings constructed by the Bureau on the

An important consideration in establishin
is the construction procedures involved. SAn g minimum thiclmess for linings of concrete

y attempt to further reduce the thickness
below the minimum previousl
g uniforlz)n worﬁ,s ‘g hgiscussed would involve painstaking construction and inspec-

heavier lining. ch would no doubt result in greater cost than a somewhat
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Concrete Finishing

In an operating canal which is proverly maintained, the rate of flow is primarily
dependent upon the roughness of the surface over which the water flows. The coefficient
of roughness used in the hydraulic design of canals represents an evaluation of the degree
of roughness of the canal surface and its retarding effect on the flow of water. An impor-
tant point sometimes overlooked by design engineers is that this coefficient of roughness
should not be based on the degree of original surface finish applied to the lining at the
time ?:g construction but rather upon the surface finish that will pertain after a few years
operation.

If the water conveyed in the canal is relatively clear and if experience in the locality
indicates that little moss or algae growth on the lining can bg antieipated, the original
surface finish will probably be effective throughout most of the life of the lining. In this
case, a smooth surface which would increase the carrying capaeity of the canal may be
warranted. But if the water conveys considerabie sand or silt which may be deposited
in the canal or if the surface of the lining may become covered with moss or algae growth,
these two conditions may have a greater effeci on the efficiency of the canal than the
degree of original surface finish. Under these conditions a very smooth, hand~troweled
surface would be of little value and the cost of securing it would be unjustifiable. Since
a majority of the irrigation canals carry water which contains a certain amount of sand
or silt and many are subject to the growth of moss or algae, it appears that a reasonably
smooth, well-filled slab should normally be adequate.

The coefficient of roughness, ‘“‘n,”’ of a concrete-lined canal has for many years been
assumed by the Bureau of Reclamation and most irrigation engineers to be 0.014 for
design purposes. To secure the corresponding degree of surface finish, the Bureau spec-
ifications for standard canal lining construction require that the surface be finished so as
to produce a finish equivalent in evenness, smoothness, and freedom from rock pockets
and surface voids {o that obtainable by use of a long-handied stee] trowel. In 1939, Fred
C. Scobey (176) presented the results of numerous tests to determine the coefficient of
roughness for irrigation canals, and in regard to the use of n = 0.014 for concrete-
lined canals stated, ‘It is conservative for ordinary conditions, in that modern methods
yield original surfaces at least one or two points lower and hence some acquired rough-
ness is discounted.”



Photograph No. 2

Hand screeding and finishing--2-inch concrete--
Turlock I. D., California.

Photograph Fo. 2

Placing reinforcéd concrete lining--Gila Project,
Arizona, 194l.



Photograph No. 4

A 3/4-inch mortar lining about 52 years old--Gage
Canal--Riverside, California.

Photograph No. 5

Two-inch unreinforced concrete lining about 1 year
' old at time picture was taken in 1946--Turlock
Irrigation District, California.



Photograph No. 6
Damage to concrete by frost heaving--Terrace Heights--
Yakima Project, Washington.

Photogreph No. T

Disintegration and spalling of a concrete lining at
and below winter water surface due to freezing
action--Strawberry Valley Power Canal--Utah,.



Photograph No. 8

Two-inch unreinforced concrete lining--Franklin
County, I. D., Pasco, Washington--Constructed 1921--
Picture 1947.

Photograph No. 9

Two-inch unreinforced concrete lining morg than
30 years old--Burbank Project--Pasco, Washington.



Photograph No. 10

Fallure of & concrete lining due to floatation--
Contra Costa Canal, California.

Photograph No. 11

Simple slip-form lining machine placing unreinforced
concrete--Tracks on canal banks are not required--
Yuma Project, Arizona.



Precast Concrete Linings

Linings bullt of precast concrete slabs have some advantages over cast-in-place
concrete under certain conditions and may be relatively economical. If the joints are
sealed with a flexible material and the slabs placed so that the joints are continuous
rather than staggered, such a lining will have the ability to conform to slight move-
ments of the subgrade. It is recognized that the hand labor in placing the slabs and
sealing the joints cannot readily be avoided, but it has been determined that slabs of
satisfactory dimensions can be fabricated at reasonable cost in adaptations of available
building block machinery. Slabs could thus be manufactured at low cost under ideal con-
ditions in centrally located plants and distributed to isolated sections to be placed by
unskilled labor with a2 minimum of equipment. This type of lining is particularly adapt-
able for placement during winter months in localities where cast-in-place concrete
would be in danger of freezing or in any climate where the demand for water is such
that only short intervals of time are available for lining operations. If the joints in the
precast and precured slabs are sealed with an asphalt mastic, such a lining could with-
stand either freezing temperatures or flowing water as soon as completed without
appreciable damage, These precast slabs also appear promising for use by small main-
tenance crews in lining or repairing short sections or by individual farmers for lining
their own small ditches since no particular skill and practically no equipment is required
for placing. Perhaps the chief disadvantage of this type of lining is that the usual flat
slabs cannot be used in curved sections and is, therefore, limited to tangents.

A 400-foot length of lateral on the Roza division of the Yakima project was experi-
mentally lined with precast concrete slabs in the late fall of 1948, Two types of slabs
were used; oie 2 feet square and the other 8 inches wide by 2 feet long. The square
slabs used in the bottom of the canal were 2-1/2 inches thick with three plain butt
edges and one shoulder edge. These were laid two wide, butt to butt, so that a continuous
shoulder was provided along the toe of each bank for supporting the slabs on the bank,
See Photograph No. 12, The side or bank slabs were only 2 inches thick with three over-
lapping edges and one bevel edge. These were laid two high so that adjacent slabs lapped,
the bevel edge of the lower slab fit into the bottom slab shoulder, and the bevel edge ol
the upper slab was placed at the top of the lining. All joints were sealed by hand with an
asphalt mastic. The 8- by 24-inch slabs were all 2 inches thick with a simple tongue-and-
groove on all form edges similar to the common concrete silo stave. These were laid in
a round bottom section and sealed with asphalt mastic as shown in Photograph No. 13.
Curves were left unlined and later gunited (see Photograph No, 14).

Tt is too early to predict the probable life or serviceability of this installation. Frost
heaving the first winter caused a bulge in the bottom of the square block lining (Photograph
No. 15}, but project forces anticipated that this would disappear with the return of warm
weather and the crack could be easily resealed with asphalt. In addition, storm water
entering behind the lining has bulged the 8- by 24-inch slabs on the side slopes at one
point as shown in Photograph No. 16. These slabs were all manufactured by hand methods
in metal forms and no cost data are available for the precast units. Costs were kept, how-
ever, on the placing and sealing operations which were $0.54 and $0.88 per square yard,
respectively, for the square slabs and the 8- by 24-inch. A local cement products company
which cooperated by prefabricating the test slabs has estimated that it can manufacture the
8- by 24-inch slab in large quantities by machine methods to sell for $0.81 per square
yard or about $0.12 each, The silo stave-type slab is better adaptable to machine manu-
facture but slabs larger than 8 by 24 inches can be made which would be more economical
to place. In the field report on the Yakima installation, emphasis was placed on the fact
that precast blocks demand a much more exact subgrade than other types of lining,

In special cases where an adequate supply of cheap labor i_s available or where
standby personnel can be utilized to advantage, it may be feasible to manufacture slabs
by hand methods. This was done with Civilian Conservation Corps labor in 1940 and
1941 on the Yuma and Carlsbad projects. On the Yuma project about & miles of various
laterals were lined with a 4-inch cast~in-place concrete base qnd precast slabs on the
side slopes. The precast slabs were 4 feet by 6 feet by 1-1/2 inches thick reinforced
with a 8/8-inch rod in each of two ribs on the underside. The slabs were cast at the
project yards and hauled to the various laterals as needed. The cast-in-place base was
poured first with a2 2- by 4-inch shoulder on each edge to support the slabs. The pre-
cast slabs were placed on these 2- by 4-inch shoulders and supported at the proper grade
and elevation by temporary struts while backfill was tamped behind the slabs. (See
Photographs Nos. 18, 19, 20, and 21). Water was then ponded in the lateral and slabs
that were displaced by differential settlement of the subgrade were jacked into position
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additional tamped backfill placed under the slab. No cost data are available. The
ac'gidition of the lin%ng in 1947 was reported as good, but the joints had never been filled
and vegetation which has taken root in the joinis may cause difficulty. The ;o]l_owmg
comments on this type of lining were stated in a memorandum to the Commissioner from
_ C. B, Elliott, Yuma, February 21, 1942: “In new work where the canal or lateral section
could be excavated to neat lines, it is not believed slab lining would be justified. However,
on an old project where the existing ditch section averages twice the size required for the
replacing concrete section and where numerous interruptions of the work are necessary
to supply irrigation water, it is believed there is a place for precast slab lining.

On the Carlsbad project a similar cast-in-place base slab was used, but precast slabs
for the side slopes were 3 by 12 by 18 inches and 3 by 12 by 9 inches. These were placed
in a staggered pattern, the buit joints sealed with portland cement mortar and backfill
tamped behind them as on the Yuma work. Only about 800 linear feet of this type lining
was placed by CCC forces on the Carlsbad project but maintenance forces are still using
these slabs to good advantage for lining short stretches of lateral and for maintaining
check transitions on the main canal. Project forces, however, have expressed the belief
that this type of lining is not adapted to contract work. Photograph No, 22 shows a stretch

of precast slabs placed by CCC forces in 1941 and Photographs Nos 23 and 24 show main-
tenance forces placing them in 1947.

A special semicircular precast unit was used to line a 10-mile reach of hillside canal
on the Tieton project in 1910. These reinforced units, 4 inches thick and 24 inches long,
were cast in metal forms curved to an internal diameter of a little over 8 feet. Joints
between the units were sealed with a portland cement mortar., The cost in place was
recorded as $5.80 per linear foot or $3.47 per square yard of lining. This was, quite
obviously, not a low-cost lining, but is mentioned here by way of general information,

Precast slabs have been used to a large extent by the United States Public Health
Service for lining small drainage ditches for malaria control in some of the southern
statgs. They developed a slab with a special tongue-and-groove joint similar to Type B
in Figure 4 which weighed about 55 pounds. These were manufactured by hand in a

central plant using wooden forms. It was reported that aft
three men could assemble them and with thepaid of a co e oIS W TS oSt

nerete mixer could 200 slabs
per day. It was further stated that after the ditch was in shape to recéixl:%e tﬁ:sltining,
three men could place an average of 300 linear feet of lining, three slabs wide, per day.
Joints between the slabs were not sealed in any way. In a recent communication
Mr, H. ‘J} Johnson, Senior Sanitary Engineer, Public Health Service, Memphis, Tennessee,
;gr?ﬁ:,ma\gggfztgttggri gl%rill?gn%otggugh 1:hteh ]oulltts) of precast linings is very troublesome and

ce the slabs. i ing i i i

cast-in-place and precast types,p we are very o experimenting in the fleld with

k much of the opini ~in- inj
are much more suitable for our work when they can be insmg{l’ ’th 2t cast-in-place Linings

As one phase of the Lower-Cost Canal Lining Pro i
am r -
ducted in the Denver laboratories involving a nugaber %I; dif’f?éﬁ lt?;%é)é gefsstfagsil eF?Eil

edge but a rounded tongue-and-groove (Type A in Fi
were formed at an anel N © A in Figure 4), The two longitudinal edges
section. By reversing‘ gneeq}slfil;co one-half that made at the toe of the bank in a trapezoidal

and-groove provides additional ﬂexit;ility and s

sectional crescent as well as the opening on t

of this joint over a simple tongue—and-groove?p 20 2t bottom, oever, the advantages

vl d~gr as used in the i
?gie%:%?fegﬁig%%lst{ ofTinamﬁacturmg_ in large production mg%iliﬁgxl}ysali% sll‘.]a;l\;e%hffz_be
for flexibility and oot mtgrazg&ﬂt Iilaéstl? Was far superior to portland cement mortar
joints with asphalt to Seepy . act, it was necessary to coat most of the mortar

cure a watertight section. Rigidi i ;
the joints or a very flexible lining res%lted i%t;g?nts%gel:-%tgoﬁ%snggu?n o4 by staggering
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Photograph No. 12

Installing 2-foot square slabs of precast concrete
lining--Yekima Project, Washington--1947.

Photograph Fo. 13

4-inch precast concrete slabs with

Placing 8-inch by 2
Yakima Project, Washington--

tongue and groove Joints.
1047,



Photograph No. 1k

Precast concrete lining installed in 1947--Yakima
Project, Washington.

FPhotogreph No. 13

Heaving at the gubgrade of precast concrete-lined
canal due to frost action--Yekima Project, Washington.



rnotograph No. 16

Partial failure of precast concrete lining due to
surface water entering behind linlng--Yakima ProJect,
Washington.

Photograph No. 17

Full-scale laboratory model for testing flexibility
of linings of various types of precast concrete

blocks.



Photograph No. 1
Photograph No. 18 . p. ?

Cast-in-place base slab ready for installation
Model showing lining details. of vrecast side slopes.

FPhotograph No. 20 _ Fhotograph No. 21

Sliding slabs into place. Note struts for holding Section of lateral showing weed growth through
slab while backfill 1s placed and tamped. unsealed Joints.



Pnotograph No. 22

Cast-in-place base slsb with 3- by 12- by 18-inch and
3- by 9- by 1l2-inch precast slabs on side slopes--
Carlsbad Project, New Mexico--19kl.

Photograph No. 23 Photograph No. 24

Bottom course of 3- by 12- by 18-inch Placing top course of precast glabg--
precast concrete blocks on a 4-inch Carlsbad Project, New Mexico--1947,
cagt-in-place base slab--Carlsbad
Project, New Mexico--1947.



Pneumatically-Applied Portland Cement Mortar Linings

Pneumatically-applied portland cement mortar is defined as a surface coating of
mortar which consists of an intimate mixture of portland cement, sand, and water shot
into place by pneumatic pressure. The resulting coating, if properly proportioned, mixed,
placed, and cured is described as being dense, hard, and very strong. This material is
often referred to as “Gunite,”” sometimes incorrectly because ‘“Gunite’’ is a trade name
coined by one manufacturer to describe the sand-cement product of their particular equip-
ment. The term ‘‘shotcrete,’” which has been adopted by both the American Railway
Engineering and the Portland Cement Associations to designate pneumatically-applied
portland cement mortar, is gaining common acceptance and will be used in this discussion.

Shotcrete has been used for canal linings for over 30 gears,' one of the early
installations being made in Nevada in 1917. During the 1920’s this method of construc~
tion gained in popularity and was used on 2 number of canals on bath private irrigation
and Bureau of Reclamation projects (see Table 2). Commencing in about 1928 extensive
work was undertaken by irrigation projects in southern Arizona and the Lower Rio Grande
Valley of Texas, using shotcrete linings (Photographs Nos. 25 and 26). In this work both
laterals and main canals were lined.

The many installations indicate that a well-constructed shotcrete lining will furnish
satisfactory service. In some Irrigated areas a large percentage of the lined canals
and laterals have been constructed with shotcrete. For instance, it is reported that over
2,200,000 square yards of shotcreté lining have been placed by irrigation districts in the
Lower Rio Grande Valley since 1928,

Although the greater percentage of shotcrete linings has been placed on irrigation
projects in the temperate climates of southern California, Arizona, and Texas, there
are numerous satisfactory installations in locations subject to severe conditions of
temperature and expdsure. The Southern California Edison Company has recently made
extensive use of shotcrete in the lining and repair of their power canals in the Sierra
Nevada Mountains where very severe winter weather conditions are encountered.

The shotcrete process is well adapted to canal lining construction of any shape or
thickness of lining desired. These features are particularly important in work involving
the lining of numerous laterals and farm ditches where 2 variety of shapes and sizes of
cross-section are encountered.

Canals to be lined with shotcrete should have the same quality of subgrade finish
that would be provided for a cast-in-place concrete lining. The importance of a reason-
ably uniform subgrade was emphasized in reports of existing installations on the Roosevelt
irrigation district in Arizona, where it was noted that a minimum of buckling and cracking
was observed in sections of the canal where the subgrade alinement was reasonably
uniform. It is usual practice to require that the subgrade be moist at the time the shot-
crete is applied so that water will not be drawn from the freshly placed mortar.

As mentioned previously, the equipment for applying shetcrete will vary in detail
with the manuiachfrer. A sl?stem of air locks is usually incorporated into the mechanism
for feeding the premixed dry sand and cement into a large flexible hose through which it
is then transported to the discharge nozzle by pneumatic pressure. At the discharge
nozzle, water introduced through a second hose, is added to the sand-cement mix and the
mortar is discharged from the nozzle under pressure. With all equipment, shotcrete is
applied to the canal section by holding the nozzle about 3 feet from, and normal to, the

surface being covered.

An imvortant requirement for a successful shotcrete application is skilled and well-
trained op%ra.ting peczl'sonnel. The rate of application and adjustment of the mix, essential
to 2 satistactory installation, are dependent upon careful operation. In many areas, con-
tractors with shotcrete equipment specialize on this type of work and have developed
very economical procedures. The construction procedures and equipment to be used
will depend tipon the amount of lining to be placed and the size of canal to be lined, On
the larger jobs, several shotcrete units are sometimes employed and special mobile
equipment is provided. On smaller jobs, the equipment is usually limited to one shot-

crete unit such as shown in Photograph No. 27.
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In general, the discussions in another portion of the text regarding the_ d.eS1gn of
concre%e lmin’g are applicable to shotcrete linings. Questions re_gardmg lining thickness,
joint type and spacing, and use of reinforcement with spotcrete linings are best answered
by a review of the service records of existing installations. The thickness of shotcrete
linings will nqrmally vary from a minimum of 1 inch to a maximum of 2 J_.nches. Most
of the Bureau of Reclamation shotcrete linings have been 1-1/2 inches th}ck, but a large
percentage of the installations mentioned in Arizona and Texas are of 1-inch thickness.

Shotcrete linings éonstructed by the Bureau, as well as those constructed by private
irrigation districts, have for the most part contained reinforcement. Usually mesl_&
fabric has been used for this purpose. Typical of Bureau practice are the New Briar
canal with 1-1/2-inch thickness of lining reinforced with 9-gage 6~ by 6-inch mesh and
the ‘‘A’ canal of the Gila project with a 1-1/2-inch thickness of lining and 12-gage
8- by 6-inch reinforcement. As an average, the area of reinforcement has been about

.001 of the concrete area. Experience has indicated this amdunt of reinforcement to be
adequate.
¥

Recently a number of the laterals on the Pasco lateral system of the Columbia Basin

project were lned with 1-1/2- and 2-inch unreinforced shotcrete. Late in 1945 two
sections of the East Turbine lateral, Yakima project were experimentally lined with
shotcrete, part of which was reinforced and part unreinforced for comparison. The
installation of this lining is shown in Photograph No. 28. These installations, which are

subject to moderately severe weather, will be of interest in future studies to evaluate
the benefits of reinforcement in shotcrete linings.

1 With shotcrete lining construction, as with concrete linings, the increased cost of
reinforcement, which often increases the costs 20 percent over the cost of unreinforced
lining, must be evaluated against the improved quality of the lining. No doubt many
_ iInstallations with unusual or special conditions justify this expense; however, the more
typical installation offers some question as to justification of this additional cost.

"The selection of type and spacing of joints for shotcrete linings is controversial.

Most of the shotcrete linings installed by private irrigation distrigcts have not been .
provided with either expansion or contraction joints. The argument favoring this pro-
cedure is that the cracks which will occur can be filled as a maintenance operation at
less expense than the cost of preformed joints. The Bureau of Reclamation has followed
the opposite practice and has consistently provided contraction joints, usually at 6-foot
centers, in shotcrete lining. These joints are filled with asphalt mastic at the time of
c?fnsu:uction. In general, contraction joints at 6-foot centers in shoterete lining have
effectively confined craciking to the joints. This procedure largely eliminates the expense

of later cleaning and filling the random crackin 3 s ;
only where the lining joins canal structures, g. Expansion joints are usually provided

An impo i '
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UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION

PNEUMATICALLY APPLIED MORTAR LINED CANALS
COST DATA BASED ON GONTRACT BID PRICES AND GONTRACT GOST REPORTS

€ 378vL

CANAL SECTION CANAL LINING COST OF LINING PER SQUARE YARD
SPECIFICATION ; DATE TRIM
‘ PROJEGT AND LOCATION | a b d |sioe ypE QUAN. | THicK-| REINFORGEMENT [CONTR. JOINT SPAGINGS| GONGRETE  |REINFORGEMENT| g5 SUIB b oL
No. [SCHED, ¢.ts.|FEET |FEET [SLOPE sQ vDS| NESS | Lonait. | Trans [ LoneiTuoivaL | TRans[conTmact), SOVT Jcowtract), SOV L (ITOTAL| gRADE
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955 | 2 | New Briar Conal 20 1 & {397 | 11ar fa-z-ar| Reinforced | 5o 00| 4t | ?%nein® | dnesa None 100" | 0.670 | 0.242 | 0056 | o.us | 1086| 0.6 | 1246
Boulder Canyon Project 700 | 18 | 5.92 Shotcrete p:0.00194| P=0.00194
"8" Canal 8" 8"8" Laterats | 14 2 1, Reinforced r | R'908x6" {120 6’18 5-0" -
. . L1 |o- 88 : . . ; I ; :
nos | 1 Gilo Project ;% 13 fo |1t [o-204s| b o 9| p=%%r} ] nom None s!~d' 1.600 | 0.172 | 0.037 | 0.053 | 1.862( 0.45 |2.312
Pasco Laterals 8 . 6-0"
1230 Subloterals 1 i |s- Unreinforced * | None None 9-0" ; . - - 89| 04 .59
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Ti g+ " - C)
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&50 e 2 3})2 Jg I3*1 |7-2346) Shotcrete 34,000 K None None As directed 6-0" | 1.300 } 0.203 1.503| 0.30 | 1.803
Lctem!s from NCYCH 15 |5 | 1os : . [12°00.6%6 ] 12°00.66"
1546 Canals to | fo | do | ki1 |i-30ag] Reinforced | oe o551 0 | " mes mesh o :
DO o siact o lho o |n Shotcrefe . i |k | e None 10-0" | 1644 | 0.023 | 0.082 | 0.053 | 1.802| 0.43 |2.232
Loterals from "A’ 8 "8 15 15 [ 108 : .
1546 Canals to |.1o fo | 1h:1 |2-304e| Unreinforced | gg:750 | 1 None None None ¢-0' | 1644 { 0.023{ - - 667 0.43 |2
Yuma Project 60 7.0 3.93 : Shotcrete ! t Lo 0 Re?




damage from frost heaving or hydrostatic pressure behind the lining even more readily
than a thicker concrete lining. These problems, however, are common to all rigid
types of lining and are not necessarily a weakness of shotcrete construction.

The costs of shotcrete lining construction are dependent principally upon the
thickness of lining, use of reinforcement, provision for joints, size of canal, and avail-
ability of materials. Recent bid prices for shotcrete lining in new canals on Bureau of
Reclamation work, where a 1-1/2-inch thickness of lining with reinforcement and con=
traction joinis was specified, indicate an average price of about $2.30 to $2.50 per
square yard including trimming and all materials. Private irrigation districts report
a cost of about $1.30 to $2 per square yard for a 1-inch reinforced shotcrete lining
without contraction joints. A recent report of a 1-inch reinforced shotcrete lining
iustalled by the Maricopa-County municipal water conservancy district near Phoenix,
Arizona, indicates a force account cost of less than $1 per square yard. This cost
does not reflect the usual items of profit, insurance, or depreciation which are properly
included in contract prices. However, if a reasonable allowance is added for these
items, the adjusted cost is considerably below present-day averages.

Service records of existing shotcrete lining installations indicate a maintenance
and upkeep cost comparable to cast-in-place concrete linings. Many installations
with approximately 20 years service are reported to be giving excellent service with
a minimum of expense for repair or upkeep.

In addition to being used for the original construction of canal linings, shotcrete has
been advantageously adopted for the repair of existing concrete linings. Concrete linings
which are badly cracked or have disintegrated and are permitting heavy losses of water
from the canal have been effectively re-faced with a shotcrete coating of 1 /2 inch to
1-1/2 inches in thickness. This work has been carried out following usual construction
methods except that the existing concrete lining has been carefully cleaned to insure
adequate bond between the shotcrete and old concrete surface. The Southern California
Edison Company has repaired approximately '75,0_00 square yards of old concrete lining
with 1/2- to 1-inch thick reinforced shotcrete lining in the repair of existing conerete
canals. Previous similar repair work by this company has proven this procedure to be

very satisfactory.

Obvidusly, the application of a relatively thin shoterete coating will be of little value
in providing %erman%%t repair, if the original lining failure resulted from subgrade
heaving or hydrostatic pressure. Unless the cause of these failures can be eliminated,
the shotcrete lining will probably fail in a similar manner.

an a t to reduce the cost of regular shotcrete linings, appromnzatgly ;.,300
lineﬁ feettcl;f gll'?otgrete lining were placed on the Gila project late in 19486, utilizing the
naturally sandy soils along the canal. This test lining was placed in three test sectionts
using 12, 16 and 20 percent cement content by mgelght and _standard shotcrete qgluipmen .
Considerable difficulty was encountered in placing the lining due to the material emerg-

ing from the nozzle in slugs or lumps. This necessitated continual adjustment in the

i lining of nonuniform mix and of varying thickness. It was also
}Vo%;eé' t%na(’ic ;ﬁgg%eif%i;rilsiing oiEg the lining was difficult to accomplish as the mﬁferiiﬂ was
quite sticky and tended to either adhere to the trowel and peel off or sag on afl s opeé'..
The installation of these test sections indicated that shotcrete utilizing natur cllf Sagly
soils is possible with regular shotcrete equipment, but that production is considerably

i i tion of these test sec-
red ultant savings are questionable. A recent inspec . )
tion%cigva;a(}elc‘lefha?ffter a ﬁgttle over a year of service these linings, though still service

able, were. excessively cracked.
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Photograph No. 25

Reinforced shotcrete lining, 1-1/2 to 2 inches thick,
in a generally good condition after about 20 years
of service. Consolidated Canal--Eastern Branch,
Selt River Valley Water Users' Assoclation, Arizona.

Photograph No. 26

One-inch-thick shotcrete lining constructed in 1947--
Lower Rio Grande Valley, Texas.



Photograph No. 28

Placing, finishing, and curing 1-1/2-inch shotcrete
lining in 1945--Pasco Pump Latersls--Columbla Basin

Project, Washington.



ASPHALTIC CANAL LININGS

Asphalt is a bituminous material distinguishable from tar by some of its physical
properties and derived from an entirely different source. Asphalt is obtained primarily
irom the ref%nmg of crude oil while tar is a product usually obtained from the destruc-
tive distillation of coal, Before the advent of modern petroleum refining, asphalt for
construction purposes in the United States and Europe was secured from natural lake
deposits mainly in the British West Indies. Asphalt obtained from the refining of petro-
leum is more widely used today than from natural deposits largely because of its greater
abundance and lower cost. Gilsonite and Grahamite are two natural asphaltic materials
occurring in narrow veins in New Mexico and Utah. These are both very hard and brittle
but are readily soluble in petroleum naphtha and are used in the manufacture of enamels
and similar products. They are comparatively high in cost and therefore not practical
for use in paving construction. Rock asphalt which occurs in some of the western states
is another form of natural asphalt. This material, formed by the natural seepage of
asphalt-bearing crude 0il through permeable sandstone and limestone, when crushed has
good characteristics for road and street surfacing. Rock asphalt has not been found
suitable for use in lining canals due principally to its lack of cohesiveness which ren-
ders it very susceptible to erosion.

Asphalt materials are available commercially in many forms ranging from fluid to
solid consistencies. Asphalt in the fluid and semifluid states may be either cutbacks or
emulsions. Asphalt cutbacks vary in curing characteristics and consistency depending
upon the type and amount of fluxing or cutting solvent used. Rapid curing (RC) asphalt
is fluxed or cut back with naphtha-type solvents; medium curing (MC) is cut back with
kerosene-type solvents; and slow curing (SC) with gas oil types. Six grades of viscosity
or fluidity are available in each of the three curing groups. These are designated by
numbers from zero to five indicating consistencies from thin to thick. Thus an asphalt
cutback (MC-0) would be more fluid than MC-2, but would have a similar curing charac~
teristic, Asphalt emulsions are suspensions of asphalt in water and are ,designated by
Types RS, MS, and SS indicating rapid, medium, and slow set or ‘‘break’ as it is usually
termed. Asphalts of solid and semi-solid consistencies comprise the asphalt cement
group which must be mixed and placed hot. Asphalt cements normally vary in consis-
tency from 300 penetration (soft), at testing temperatures, to 30 penetration (hard) and
become liquid at temperatures between 250 and 350 F., Desirable combinations of
characteristics are developed in cements by special treatment as in the case of air-
blown and catalytically blown asphalts. These processes develop qnusua.lly high soften-
ing points for given penetrations which minimize sagging and running of asphalt at high
temperatures although pliable and ductile at low temperatures. Asphalts may also be
stiffened and given better weathering properties by adding, or filling with, finely divided
materials such as diatomaceous earth, rock dust, portland cement, and silt. The princi-
pal advantage of flexible asphaltic materials for use in lining jrrigation canals and
laterals, is their ability to conform to a reasonable amount of settlement or bulging of

the subgrade without rupture of the lining.

i rngs o sttt e L el mi e S
effectiveness, permanence, and adaptability. Below are listed eight pri:nci_pal types
together with the asphaltic materials commonly used in their construction:

Hot mix (asphalt cement)

Cold mix (cutbacks and emulsions)

Drime-membrane (cutbacks and cement)

Buried membrane (asphalt cerqent)

Prefabricated surfacing (fabries and cement)

Pneumatically-applied asphalt (emulsious and cutbacks)

Embankment injectfon (oils, emulsions, and cutbacks)

® 2 g @ oPo

Cutoff walls (oils, emulsions, cutbacks, and cement)
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The table below 1

Project

Central V.

Yakima
Boise
Boise
Owhyee
Col,Basin
Boise
Gila
Boise
Yakima
Gila

All=-Amer,

Col.Basin
Boilse
Boise .
Yakima
Klamath

Hot-mix asphalt consists
which must be mixed, placed, and compac
aggregate is a deslgn problem
and the type of material available, When
ard No. 4 screen, it is termed asphaltic concrete.

referred to as sheet asphalt. Upon cooling to ajr tempera

a high degree of cohesion and s&bﬂity, % s
Hot-mix linings are generally considere
group with respect to durability,

ertles. When placed and compacted by hand labor,

Feature

Contra Costa
SniPes Mountain
“D ] Line
“D” Lme
Malheur

Pasco Laterals
“D’, Li.ne
Yuma Mesa
“HN Line
Roza Laterals
Yuma Mesa
East Mesa
Pasco Laterals
“D” Lme

“D” Line
Roza Lateral
Coppeck Bay

ists the location, extent,
experience with asphaltic linings to date,
tions is given along w

which may

ith the discussions

and date of construction
More detailed information

covering the Bureau’s
on these installa~

i of each of the eight types in the following pages.

Type lining

Hot~mix

Hot-mix

Hot-mix

Hot-mix

Hot-mix

Hot-mix
Cold-mix
Cold-mix
Prime-membrane
Prime-membrane
Prime-membrane
Prime-membrane
Prime~membrane
Prefabricated
Prefabricated
Prefabricated
Buried membrane

Hot Mix

Length
feet

528

550
270
330
2,600
58,000
20

1,000
4,695
5'000

228
30
350
30
408

Area

sq.yds.

2,000
2,200
1,073

920
11,000
88,200

78

1,444
7,575
3,500
1,850
121
1,800
45

1,000

Date
Constructed

April 1939
Nov. 1939
April 1943

May 1943

Nov. 1944
May-Sept. 1947
April 1943
April 1846
April 1042 -
May-Sept. 1946
May-Sept. 1947
May-Sept. 1947
Sept. 1947
April 1943
January 1946
September 1846
September 1947

of & combination of straight asphalt cement and aggregate
ted hot. The gradation and maximum size of the

be influenced by the characteristics desired

the mix contains aggregate retained on a stand-
Mixtures of asphalt and sand are

hot-mix linings develop

resulting in a tough, durable, yet flexible lining.

d to be the highest type among the asphaltic

resistance to external forces, and for hydraulic prop-

this type of lining is relatively high

in cost. However, it is especially adaptable to large-scale mechanizati i
indication that low costs can be achieved by the usg of properly developgg’ e“é;%g%%qc.

Two experimental sections of asphaltic concrete lining were placed in th a
_Cog.tgocsza}nal of the Central Valley project in May 1938, T%e two gection;n wex?eczozrtl)ufleet
anﬁ : eet in length., respectively, involving about 2,000 square yards of lining 3 inches
ck. 'Ihelafxlxmt sectjon was constructed by hand-placing methods near the outlet of the
ppzppnga% hjxfeaxtaec;.raklA%i o(c::ﬁﬂﬁ%rhrgaiﬁ W}Liilf 'r.hei se%ond s§cﬁon was placed with a concrete
12-1/2-gage woven wire, inc'i.icated tl?: feazhigiiaice o? eoi i e liie o e he
slip-form method. However, portions of this sg:ti pdacmg e et s
and bulges during the first s’u.mmer which & e O raC s
_ ! ppeared to have been i
to}fleﬂ:fz wellz:e mfish reinforcement. The bulges and cracking were fgigsde&%; %?n?ﬁégnto
pper portion of the lining lying above the wire mesh. These were repaired and no

further damage, except p i ‘
S hine 1a:a(,:ged, secﬁgn.soﬁ:dnéﬁcﬁ'n checking on the berm, has been observed in the

resulted in some erosion during the % ;t the waterline of the hand-placed section has

ears of service. The use of h
such as are currently recommended for lining construction might havaérg?-gv%?cgﬁlgsrosion.

Creosote, kerosene extr i
apprecia‘t;le Tosee < wthaﬁ’gs agélcigczi‘gg‘n chlorate were used as soil sterilants. No

Asphaltic concrete linings were placed in the Snipes Mountain canal, Yakima project,

in November 1939. One area was locat
T.Uhlle the second area was a.pproximza.?e(le}(r1
imately 2,200 square yards-of 2-
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within the city limits of Sunnyside, Washington
imatels 3hnul§s south of that city. A total ’of appro;g:t- ’
-inch~thick lining was placed in the two areas.



All'material was mixed In a central plant, hauled to the project in flat-bed trucks, and
placed by CCC hand labor. (See Photograph No, 29.)- Comp?':tction was obtained by’ a
winch-drawn roller attached to a small tractor. All areas of this lining are in generally
good condition after seven irrigation seasons with the exceptions of a sodium chlorate
treated section of canal lining in the city of Sunnyside which began to show excessive
weed growth through the lining at the waterline early in 1948, The use of sodium chlo-
rate in other areas of this installation have proven satisfactory but failed in this area
Efcauszl of the leaching out of the chlorate by irrigation water applied to lawns above

e canal, - '

Two areas in the D-line canal, Payette division of the Boise project were lined with
asphalt mixes in April and May 1943. -The lining at Milepost 12.5 consisted of approx-
imately 1,070 square yards of lining 1 and 2 inches thick in a 12-foot bottom canal. ‘The
hot-mix at this point consisted of a fine sand and an asphalt cement slightly harder than
that used in the Contra Costa and Snipes Mountain linings. This amounted to a sheet
asphalt mixture and was placed by hand methods. The soil was sterilized with sodium
chlorate and no weed growth has occurred. A portion of this lining was subjecied to an
inflow of storm water over the tpper edge which eventually undermined a small portion
of the lining and caused a collapse in that area. The failure was repaired by Operations |
& Maintenance forces early in 1947 and no further damage has oceurred. The second .
section constructed at Milepost 23,8 was lined with 1-, 2-, and 3-inch thicknesses of
asphaltic concrete, This material was also placed by hand methods. Sodium chlorate
was used as a soil sterilant. The only weed growth observed is a few willow shoots
which have appeared at the extreme downstream end of the 1-inch-thick lining. Some
bulging of the lining has occurred in the invert in one area due to frost action, but the
lining has not ruptured. No difference in appearance is yet noticeable between the
sections of different thickness. - I :

Approximately 1,100 square yards of 2-inch-thick asphaltic concrete was placed
in the Malheur canal, Owyhee project, in November 1944. (See Photograph No. 30.)
An 85-100 penetration asphalt cement was used which was harder than that uséd in any
of the three linings previously described. The a.g.g_regate consisted of sand and crushed
rock which produced a rough-finish surface requiring a heavy seal of filled asphalt
cement. A pipe-enamel seal was used which has since checked badly due to weathering.
One area near a turnout gate in a lateral adjacent to the main cana:1 ha.s_ eroded severely
in the bottom due to-high velocity and turbulence of the water at this point. Sodium .
chlorate was used as a soil sterilant and weed growth has been limited to a few willow
shoots." This lining was placed to stop severe ground movement in the foundations osfl 1
the Malheur siphon caused by saturation of _the ‘earth by seepage water from the canal.
It is reported to have successfully accomplished this purpose.

Almo 0 square vards of 2-inch-thick asphaltic concrete lining was placed in
appI'OximS;te?loy,%(:)L zf{%es ofyihe Pasco laterals of the Columbia.Basin project, Washington,
the summer of 1947. Only about 25,000 square yards of soil in the la.n.’mﬂ%n agea_ wasid
sterilized. Part of this area was treated with sodium chlorate and part u& i tlc>1r1c a.chh.1 )
A 80-70 penetration asphalt cement and a sand-gravel aggregate was use ik ealn;a,c e

placed hot-mix. This project offered the first opportunity for employing sc

i ud nt for n d a practical determination
mechanized equipment for placing and compacting purposes an
of cos : —form type asphaltic lining machine
f costs.. The contractor on this job used a sii ype asp 2 e o )

developed for the job. (See Photograph No. 31.
simplepin design, ja.nd ax(railable at 2 nominal cagital investgfxent}:), sa%sfa%tg;;ilgcpt]éaacggn_
the hot-mix lining at & rapid rate and at about 0 percent 1&b °§'ﬁae ggst oF fhe 9inch
sity. As disclosed by construction data accumulated_ongthe Jo 1 e Ot O of the Boinch
asphalt hot-mix lining, without soil sterilization, was 7 percent of U ot hotcrete
%&rtland cement. concrete lii:.ninmg afrl]?11 gg:dsﬁnliggcgg ?nfctihu%::?l ?nat erials, the final
. " Ci | o the
triirillgminiegfc%eta eg:fﬂ? I;%lgtion,‘- and reasonable charges for equipment rental.
K contract was let late in 1947 and construction is scheduled fgg gflezf?nzgﬁngp%fﬁgga
on 5 miles of the Ygnacio canal to be Lined with 28,700 squa.xl'e Y'arcontaining 50-80 pene-
gonerete. This lining will be constructed with 2 Smﬁgﬁggﬁatg?g density. The lining .
tration asphalt cement and compacted to 80 percenfh e etor, and several types of
will be placed by machinery developed for, Or by, £38 COV- 2 roor e cted to yield further
soil sterilants will be used for experimentation. Thls-prto Jee of lining and may contri-
data on the actual cost of full-scale ‘construction on this ulypment
bute further towards development of new canal-lining equip .

28



Cold Mix

Cold-mix linings are similar to the hot-mix linings in that carefully graded aggregates
are used, and are mixed with bituminous material. However, cold mixes utilize one of
the Hquid asphalts (cutback, emulsion, or powdered asphalt-flux comb;natmn). These
materials are mixed, laid, and compacted relatively cold, u_sqa_lly at air temperatures
between 65 and 100 F. Cold mixes require less complex mixing equipment than'tpe
hot mixes and are generally more convenient to use, especially where the quantities
of material for a given project or repair job are not large. A .cons1dera1q1e disadvantage
to this type of lining, with a degree of exception to the emulsified asphaltic materials,
is the lack of immediate attainment of high degrees of cohesion in the mixes. Since
lining mixes are placed on rather steep side slopes, an appreciable resistance to creep
must be developed within a short time after placing, or plastic flow will ensue followed
by cracking or slipping of side-slope linings. The lining must be resistant to water
erosion, which also requires development of appreciable cohesion. Cold mixes are,
therefore, limited in their uses except as they will meet the demands of service. Of the
asphaltic materials used for cold mixes, asphalt emulsions develop greatest cohesion
in a given time, while MC and RC cutbacks will develop appreciable stability under cer-
tain conditions of curing or aerating before placing and compacting. Several reservoir
linings have been successfully constructed by emulsion cold-mix methods by agencies
other than the Bureau. Two trial canal lining installations have been made by the Bureau;
one on the “D”’ Line canal, Payette division, Boise project, and one on the Gila project
near Yuma, Arizona. No cold-mix project has as yet been of a magnitude to permit
accurate ascertainment of large-scale construction costs. This cost may be expected

to be somewhat lower than hot-mix but, with some possible exception, the lower cost
is offset by the disadvantages of cold-mix linings.

__An asphalt emulsion; cold-mix lining 2 inches in thickness was constructed at
Milepost 12,5 on the “D” Line canal, Payette division, Boise project in April 1943
(concurrently with hot-mix linings at this location which have been previously dis-
cussed). The test section was 20 feet in length and 78 square yards in area. This lining
employed a local deposit of very fine sand and aggregate. When placed and compacted,
this material developed large shrinkage cracks due to the evaporation of the water in
the asphalt emulsion. (See Photograph No. 32.) The cracks are still existent after five
seasons of irrigation use, and they will probably have an important effect on the ulti-
mate life of the lining, Cracking would have been less severe if a well-graded aggre-~
gate had been used. In other cases a slurry of fine sand and

E . 2 emulsion has been broomed
into such cracks, filling them and apparently effectively minimizing any effect of such

cracks. This emulsion lining was not so treated and h i i
Satistactory dus o e oang | as not been considered entirely

y cracked condition. The actual mix has retained excel-
lent life however, indicating that this type of linine mi i i
and construction ,methods ugere used, b § might be successful if proper design

An asphalt emulsion lining utilizing th
- the Gila project was constructed in 1956

e existing fine sand on the Yuma Mesa of
performing satisfactorily.

+ It is understood that this construction is .

Prime-Membrane

Prime-membrane-~type asphaltic linine pr ides a' si
ining in which all muteonsl ning provides a' simple low-cost method of canal
graph No. 33.) The construction ggphed oy consecutive spray applications. (See Dhoto-

th. ‘The prime acts as a stabilia jISlc051tY, applied as a spray and

i material for the soil forming
e layer to which the memgbra.ne, or surfaced course is ¢

: .2 Square yard, but costs of abouy j i
scale installations. In designating canals for ptriﬁ)é?-%aelr:b?gﬂgvgd posglgiei?uiaggﬁi}
2
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of soil condi_tions is necessary. Soils should have sufficient capillarity so that the prime
materials will be properly absorbed, and the material should be stable after absorption
of the prime. Soils which have a low capillarity usually do not prime well. Such soils
may be either very tight clays or soils high in clay, or some types of fine sand which
are neither highly permeable nor have high degrees of capillarity. Some desert sands

of the latter description have been found to be very difficult to adequately stabilize by
priming due to poor absorption of the prime material.. It is essential, therefore, that
soils proposed for prime-membrane lining be thoroughly tested for their suitability.
Prime-membrane linings are readily damaged by canal cleaning operations and, except
where unusually stable subgrade conditions exist, by the hoofs of heavy animals.

The first prime-membrane-type lining constructed by the Bureau was placed in the
“H” Line canal, Payette division, Boise project, in April 1942. Eleven test sections,
totaling 1,444 square yards in a 4-foot bottom canal, were constructed, The test sec-
tion included numerous variations of soil sterilant, priming material, quantities, and
type of membrane used. At this date, after six irrigation seasons, one section is in
very good condition (see Photograph No. 35) and four others are either in fairly good
condition or are still integral and functioning. The best section is one which was primed
with an RC-0 (low viscosily) to a depth of approximately 2 inches and then surfaced with
an 85-100 penetration asphalt cement containing 19 percent of diatomaceous earth. The
other sections were primed with either RC-1 or RC-2, with membranes of either asphalt
cement and diatomaceous earth or RC-2 and diatomaceous earth.

In the early spring of 1946, test areas of prime-membrane lining were constructed
in lateral 85.8-6 of the Yakima project north of Prosser, Washington. The purpose of
these installations was to determine the optimum means of obtaining deep primes ina
silty soil, in preparation for a series of larger test installations, In these exveriments,
it was found that a light preprime of kerosene or diesel fuel would permit much deeper
primes than could be obtained in either dry or water-damp soil. Most of the trial
installations in this lateral were destroyed by later construction operations on the lateral,
but one section primed with RC-1 and with an RC-2 membrane over which a light cover-
ing of stone chips was placed, was still in good condition in July 1947. The data obtained
{rom these tests were used to good advantage in the installations which followed at a

ater date,

Eleven test sections of about 50 square yards each were constructed in the East
Turbine lateral, Yakima project, in May and June 1946 to determine the depth._s of pene-
tration obtainable with different asphaltic materials and to determine the Stabmzaﬂfn
effected in a loose blow-sand soil by these methods. By prepriming with dieseé fl;e ’
up to a 4~inch depth of prime was obtained with about 3 gallons per squire yafl 846
cutback asphalt. A very good degree of stability was also obtained. f}_]nl dug ushalt ceoment
several different types of membrane, including diatomaceous earth fil\e ofa'stﬁ cper-"
were placed over the previously primed sections. In November 1947 alt.'_lh ca.t?zfl% exgmal
imental sections were in good condition, although no water had bezﬁl Eﬂnes will await
conclusions relative to the effectiveness of the East Turbine later g

completion of the system and admittance of water to the canal.

i t

Several hundre e vards of lateral 69.1 of the Roza division, Yakima pro, e(_: 5
were primed with ctiii;sqéllagil%nd SC-1 in August 1846, A membranfh ggn:isﬂgg ofT h?5100
Penetration asphalt cement and 6 percent diatomaceous ea.rthhwas on Eg.d ed. tod
lining was in fairly good condition in November 1947, although no wal er | musadtmi
to the lateral. As with the East Turbine lateral, final conclusions O lining
await actual use of the lateral.

A prime-membrane-type lining 928 feet In length was const]i'éwstfg ginwmeewglsai;rg?mp
lateral, Pasco, Washington, in the summer of 1847. A firm sct> d subgrade Was pre ution.
Primed with di’esel oil and, in one short section, with a chloral eal o e ahaltic
A prime of 0.5 G 8.Y. of RC-0 was used, and 900 feet of t?i?l cgnwith e e diato-
membrane coating of a 60-70 penetration asphalt cement it e e 2 DT - blown
maceous earth. On the remaining 28 feet of length, severla t.f\?:l e heime
asphalts were used. In this prime-membrane g, are aty e}che oL arojects.
gﬁs us(eid,' a comparedlt{:zc; b deepf;‘egrfnmgosngfggrgﬁgg %?the stable subgrade gihich

e re i S was 1
existed uin?‘igils)ral.iz,ﬂ;ifd tgssecure a peduction of labor and materials cost for type
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_ This lining will be observed for determination of the service;ability of the
fifn}.nkiginuidez the exis%ing subgrade and prime conditions, and for behavior of the special
asphaltic membranes.

Buried Membrane

Buried asphaltic membrane linings are constructt?d by overexcavating the canal
section and applying an asphaltic membrane by spraying a heated asphaltic cement .
to a thickness of from 0.1 to 0.2 inch after which an earth, sand, gravel, or rock cover-
ing, 1 foot or more in thickness, is placed. (See Photographs Nos. 36 & ?7 .) The pur-
pose of such a lining is essentially to stop leakage through per_meablg soils.. Since the
asphaltic membrane is protected from weathering and mechanical injury, such a lining
is expected to have an exceptionally long life. The buried membrane would not be dis-
turbed by normal maintenance operations such as weed removal. An earth cover,
however, unless protected by a gravel blanket, would be subject to erosion as is a
loose earth lining. No factual cost data is available, but it is estimated that on large
scale installations costs may not exceed $0.50 per square yard. No soil sterilants
would be required for buried membrane linings, The probable low cost, ease of con-

struction, indicated efficiency, and expected long life of this type of lining give it 2
high rating among methods for seepage control.

The first trial installation of buried asphalt membrane lining was made in a 408-
foot length of the M~2-a-2 lateral of Klamath project, Oregon, in September 1947.
This lateral had a 5~foot bottom width, 3.2 feet normal water depth, and a lining peri-
meter of approximately 22.5 feet. The soil in the canal was largely pumice, light in
welght, and subject to severe cracking. It was feared that the loss of water through
such cracks might be large and the buried membrane lining was placed for this reason.
The trapezoidal canal section was overexcavated by 1 foot on the bottom and sides.
The exposed surface was then wetted and lightly rolled to crush large soil lumps.
Three types of asphalt were applied, two of which were blown asphalt cements, and one
an asphalt emulsion. The asphalt cements produced very satisfactory membranes
sufficiently tough to withstand foot traffic during the morning hours, while the emul-
sion membrane was considered unsatisfactory because of its failure to form a suffi-
ciently thick, impermeable membrane, Portions of the asphalt cement membrane were
given a light tack coat of RC cutback before placing the soll cover. The soil cover was
expertly placed by a dragline, so that no further manipulation was required. Portions
of the cover were wetted down by a hose, some were wetted-and rolled, and others

were left dry. Tests to determine seepage lo is 1
project forces. page losses through this lining will be made by

Prefabricated Surfaces

The plastic and flexible properties of asphalt, both in mixt
: ures with dust or fine
ey S e e ln membrancs o kigh sofening point aspialt cement, has 1ed
felts, for canal Lining purposes, Asph: orced by vegetable or mineral fabrics or

ing materials, and the remar alt saturated felts have long been used as roof-

; c kable serviceability of a -
bituminous surfacing (PBS), used for advance ai{]r ﬁelgghg.&; impregnated prefabricated

- s ing th i -
%'gg;moc% for ﬁlse of pz;efabrlcated linings for canals and lateralsg. F?o‘gab?aimesse b?hczl:
wersha%“.f’w ;n ater;{} must be low, or it must have other advantages of use which Will
15 belioved fanitla le high initial cost. The use of very low-cost prefabricated linings
e TS o e npmall orls e s where olle f e -
B.S. y CO! e ace eithe -
ia.ve a g;.f,fag:gﬂ 1]‘;}"; %}’Sﬁgoﬁ ‘glth inexpensive un%k:ﬂled labgrt.ra'%ﬁ‘i,se ﬁ:%gr?gllglag;
depending on the quality of the material and e sariaber ApS [OUF O five seasons,

; : ial and the correspondin
suitable for larger canals, would g ponding cost. Another type
which would be iigher in é““-%ou??nbig;fs or large sheets of ’

lastin erials and in phcmgpge{abﬂgﬁted &lining
sting, erosion resistant and suffi » but which would be long
Three experimental field mstaﬁluglig;%ntly Strong to stand up und

er liv .
of the latter type have been magzi:.ock passage
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McCorkle type prefabricated asphaltic block linings (see Photograph No.
constructed at Milepost 12.5 and Milepost 8.7, “D” Lgme( canal, Boigge %rojgct?al)dgfée
in April 1943 and January 1946. The installation at Milepost 12.5 consisted of a 30-foot
length of canal containing approximately 121 square yards of lining. The blocks used
were 1-1/8 inches in thickness, and sized 34 by 60 inches. An asphalt saturated cotton
canvas was used as a reinforcing backing to a 1 inch thickness of a fine sand~asphalt
cement hot-mix. The fabric extended out 6 inches on two adjacent sides of the block to
permit a degree of bonding between blocks. The soil was treated with sodium chlorate
sterilant and the blocks placed by hand. The joints were sealed with a hot-asphaltic
compound. The installation at Milepost 6.7 was made with a similar type of block,
except that the blocks were reduced in size to 34 inches by 42 inches to permit easier
fabrication, handling and placing. In November 1947 both of these linings were still in
good condition. ‘

An experimental prefabricated asphaltic lining made by the Shell Development
Company, Emeryville, California, was placed in a 30-foot length of 2-foot bottom lateral
on the Roza division in September 1948, (See Photograph No. 39.) This prefabricated
lining utilized sheet asbestos (similar to furnace papsr) as a reinforcing medium, which
supported a 1/2-inch thickness of fine sand-asphalt hot-mix material and was made into
sheets about 10 feet long and 30 inches wide, The sheets were sufficiently flexible so
that they could be wrapped around a barrel at a temperature of 75 F. The sheets were
placed transversely in the canal, the edges being bent over to form a berm. The joints
were sealed with an asphaltic compound. In November 1947 this lining was In fairly
good condition except for some surface cracking that had developed in the bend on the
berms. This type of lining has an advantage of fewer joints than the McCorkle type,
thus reducing the probability of leakage. The large sheets are somewhat more difficult
to handle, however. Practical construction would require fabrication on the project.

The high cost of this type of lining as compared to cast~in-place hot-mix linings reduces
its practicability except for small installations and special purpose linings, -

Prneumatically Applied

Pneumatically applied asphaltic linings may be constructed in the same eneral
manner as Portlagld Ic):I:en:\ent s%otcrete linings. (See Photograph No. 40.) Ir}t%e asphaltict:
type of lining, sand or fine aggregate is proportioned into the air stream of the ag e%g, e
hose utilizing commercial equipment designed for use with shotcrete. At the nozz fe{h ee
asphaltic material is sprayed into the stream of aggregate, resulting in a_almlxin_ go e
asphalt and aggregate as it is ejected from the nozzle. The mixed material is spray

e ' me m e An

on the surface to be covered in the same manner as portland pe_ment shotcrete,

asphalt em ST = i the most satisfactory material used
ulsion of medium=-setting type has been

for this purpose. Rapid curing asphalt cutback ha ]
stable a%urpface asf,{ tl?edemulsigon. pThe rebound from the asphalt-typeé hgmsg }Isleg‘:rr::gauy
not as great as that from the cement type. This type of lining ;?lnds to be somew

more permeable than conventially placed linings. While sever rtis %vweau s Reanalcla-
linings of this type have been constructed by other organizations, ine

i i dicated
mation has used it in only one experimental section, This t{};’tia%fe]&in’_mg g.; ’11%) g

to be more expensive to construct than the hot-mix machine e
extremely irrIe)g;ula.r sections or other factors prevent the use of a hot-mix, the pneu
matically applied lining may be economically feasible.
linin d with a pneumatically-
Several sections of old cracked concrete g were covere _
applied asphaltic mix in March 1947 in the Ridenbaugh capal neat aBﬁS;}Jdaha%esTgfis
cover lining was placed to a 1/2-inch thickness, using amgﬁ zmou.nt of slaked lime
asphalt emulsion. A medium-setting emulsion, with a s b est results. A quick-
added to the sand to facilitate breaking of the emulsion, Eaveul de o e satisfactorily
Setting emulsion tended to break in the mixing nozzle and €0 ) I ssions in the old
:Eﬂied. The lining aghéred well Ttgl thle ﬁclzfnrécgg.se &ug)%c&ec%r;%i t%g‘% Lo epocted after
ace w led. is A p ht
one irrigai{gnagggs“éreluinl ?L:Trc?vzmber 1947 but has not been in service long enough to
Permit complete evaluation.
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Injection and Cutoff Wa_.]ls

Asphalt or oil injection of canal banks has been tried on a limited basis for~rec2:lucing
seepagpe losses thro&gh permeable sands.  While this method is not, strictly speaking,
a lining, it is nevertheless a component of the Lower~Cost Canal Lmu_1g Program. In
the oil injection method, pipes are either jetted into the perm.eable_ soil or sand or placed
in augered holes which penetrate the leaking strata. A low=-viscosity oil, elthe;' a diese)
fuel, fuel oil, or a prepared asphaltic cutback, is then pumped p.nde_r pressure into the
permeable strata. As each elevation becomes saturated, the pipe is slox_zvly withdrawm.
In quite permeable strata, plugs up to 10 feet in diameter are created with smaller plugs
formed in less permeable materials, A method developed by the Shel} Development
Company, Emeryville, California, employs an asphalt emulsion especially produced for
the type of sand in which it is to be used. It is understood that the Shellperm method,
as the process is called, has been successfully used in several installations. The method
of injecting oil into water permeable strata holds promise of being an economical method
of. controlling seepage of water through canal embankments., While oil injection has been
used with apparent success by several organizations, only one test installation has been

made by the Bureau. Further test installations are planned for construction on the
Klamath project in 1948. ' :

A test installation of the oil-injection method of controlling 1ea.kagé- through a sand
embankment was made on the Yuma project, Arizona, in September 1948. In this installa-

tion, 1,800 linear feet of canal bank were treated by a heavy fuel oil of 24 A.P.I. gravity,
injected into the water

-permeable embankment sang by jetting pipes to a depth of approx-
imately 9 feet. Fuel oil under high pressure was jetted into the canal bank at points -
sgiigered on 16 inch centers in two rows 1 foot apart. An average. of 164 linear feet of
b was treated per

day with approximately 4.1 gallons of oil per linear foot. Costs

were estimated at about $0.40 per linear foot of canal bank. Th i £ th
installation has not yet been determined. © effectiveness of the

Asphalt cutoff walls may be constructed by excavati : akin:
embankment and then either mixing the remoy & matarinl wihaot through & 1o ¢

. ved material with an asphaltic oil and
replacing it in the trencr}, or by coating the walls of the trench with a% asphaltic mem-
brane, followed by backfilling the trench with the original or other suitable materials.
SNuch 2 method has been successfully used by the Imperial irrigation district of California.

0 experimental installations of this type have as yet been made by the Bureau, but
sevt%zc-)adl Installations are planned on the Klamath project for construction in 1948. The
ggnche :%I;%agg :; g::;c :gg gm‘ogid1 c}flc;:slsibilit%glsl‘for use in sandy or gravelly soils where
stable so that caving of the ditch sidesgdlt?:?i%g ees, ation gooe e Soil 1s sufficiently

: aec d xcavation does not occur. Further data
o
ﬁsﬂm}llsaf?gfc’d should be ava:lab.le by the end of 1948 upon completion of the Klamath
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Photograph No. 29

Hand-placed asphaltic concrete lining November 1939--
Snipes Mountain Canal, Washington.

Photograph No. 30

Asphaltic concrete lining in Malheur Canal--placed
November 1944--Owyhee Project, Oregon.



Photograph No. 31

Asphaltic concrete lining being placed in Pasco
Laterals, Washington--June 1G47.

Photograph No. 32

Cold-mix lining (asphalt emulsion and fine sand) in
"D" Line Canal--Boise Project, Idsho. (llote
shrinkage cracks.)



Photograph No. 33

Applying SC priming oll over diesel oil preprimed
earth, prime membrane lining--East Turbine Lateral--
Yakima Project, Washington.

Photograph No. 34

Applying diatomaceous earth-filled asphalt cement
membrane over primed soil, experimental area of
Pasco Laterals, Washington.



Photograph No. 35

Section of prime-membrane lining in "H" Line Canal--
Boise Project--after six irrigation seasons.

Photogi-aph No. 36

Applying asphaltic membrane to subgrade for buried-
membrene lining--Klamath Project, Oregon--September

1947.



Photograph No. 37

Placing earth cover over asphalt burled membrane
lining--Klamath ProJject.

Photograph No. 38

McCorkle-type prefabricated asphalt lining "D" Line
Canal.,, Boise Project, Idaho.



Photograph No. 39

Placing Shell 0il Company prefabricated asphalt
lining--Yakima Project, Washington.

Applying asphalt cover pneumatically over old
p. c. concrete lining--Ridenbaugh Canal--
Boime Project--March 1947.



EARTH MATERIAL LININGS

A wide variety of earth materials can be economically utilized by several methods
to reduce canal seepage losses to an acceptable minimum. The permeability of some
in«place soils can be greatly reduced and their stability improved by compaction or by
mixing with other soils. Relatively impervious borrow material is often available near
the canal or within a reasonable hauling distance which can be used for lining. Such
material may be placed loose, compacted, or, under favorable conditions, may be intro-
duced inte the operating canal for deposit along the earth section. Many soils may be
stabilized and rendered less permeable by chemical treatment, oil pentration, or by
the addition of binders such as portland cement. The uses of 0il and asphalt for lining
canals are covered elsewhere in this report.

Soil linings not treated with cements, chemicals, etc., are, of course, susceptible
to weed growth, particularly the loosely placed linings. Aquatic weeds in the canal
reduce the carrying capacity of the canal considerably and yearly removal of weeds on
Bureau projects is an expensive operation. Mechanical removal of weeds is often
destructive to earth linings and in many cases prohibitive in cost. However, inexpen-
sive chemical weed removal is becoming widespread and effective, reducing the impor-~
tance of the weed problem. Densification of the soil reduces weed growth considerably;
therefore, thin, compacted linings with protective covers are more desirable from this
standpoint, Earth linings could be sterilized with the same materials used under asphal-
tic linings, but the added cost of about $0.10 per square yard is usually not justified.
Furthermore, sterilants would be effective for only a few years because of dilution or
leaching out by the water in the canal.

Compacted In-Place Soils

In some cases relatively fine-grained soils can be compacted in place to adequately
control seepage. By compacting some materials from 90 percent of maximum density
to 100 percent, the permeability may be reduced to 1/100 of the original rate. The data
pertinent to construction consist of a determination of the in-place density, the maximum
density, and optimum moisture by standard laboratory compaction, determining the per-
centage of compaction (percent of density) required to decrease the permenbility from the
in-place permeability to an acceptable amount. The construction procedure consists of
scarifying the soil, addmg moisture, and compacting by sheepsfoot, flat rollers, or other
equipment to the required density. A protective cover of loose soil or gravel, é to 12
inches thick, should be provided if scouring or surface shrinkage is anticipated.

Mechanical Stabilization

Soil stabilization and decreased permeability may be accomplished by improving
the frictional and cohesive properties of the soil. The incorporation of granular soils
with clayey soils improves the frictional properties of the clayey soils. The addition
of clayey soils to granular soils improves the cohesive cﬁ:é)perties of the granular mate-
rial. Thus, by the proper combination of mechanically different soils, better cohesive
and frictional properties are obtained.

Loosely-Placed Earth Borrow

Probably the most prevalent type of earth lining now in operation is the loose earth
blanket of selected fine-grained soils. Satisfactory results can be obtained with this
type of lining in many cases, providing the soils are fine enough to be impervious in
the loose state, and are sufficiently stable against erosion. The results obtained from
the loose earth linings are not as positive, permanent, or efficient as the results obtained
from compacted earth linings of comparable materials. The advantage of the loose earth
lining is the ease with which it may be installed, either during the construction period
or after the canal is in operation. Very little trimming or reshaping of the canal section
is generally required and the installation cost is usually low. A 12-inch layer of soil
is recommended for this type of lining. In some cases the primary benefit to be derived
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i inine is in the fact that, although most of the soil may be removed
£§0$$§;gecﬁgxﬁnggoperations, the fine lpaterials may pe_netrate into the _cane_ﬂ. banks
to provide a seal. Laboratory testing for this type of lining includes determmt?ltlon of
the permeability of various available materials in the 1oose condition and whether any
movement of the fines would influence the permeability rate. The construction proce-
dure consists of dumping the loose soil on the canal bottom and banks ar‘xc‘l shapmg' or
spreading to grade and line. In some instances loose linings hav_re been pudd1e<_i " in
by dragline bucket after the canal has been filled with water, to increase the efficiency
of the lining. .

Compacted Earth Borrow

Thin compacted linings, 6 to 12 inches in thickness, of selected fine-grained soils
which are protected by a blanket of coarse soil or gravel, 6 to 12 inches thick, provide
a suitable impervious lining, The maximum density and optimum moisture of materials
for this type of lining are determined in the laboratory by the compaction test and per-
meability is determined by the percolation test. The laboratory tests on compacted mate-
rials indicate that severe freezing and thawing would be detrimental to thin linings .
because the expansion caused by the freezing and subsequent thawing increases the per-
meability of the material. However, no field reports on existing thin linings have indicated .
a fallure because of freezing and thawing action. Repeated wetting and drying of thin
linings should have no effect on the stability or porosity if properly protected against
erosion by s. sand-gravel blanket. Specifications for placing this lining should include
a mojsture and density control for obtaining satisfactory compaction. Density require-
ments for canals are usually established at about 93 percent of maximum laboratory
density because of the difficulty in attaining higher density on the canal slopes with
present construction equipment. Whether transverse or longitudinal compaction meihods
are used, auxiliary equipment is needed on the berm to assist the compaction equipment.
Longitudinal compaction can be accomplished by anchoring the rolling equipment on the
slopes to equipment on the berm. In Photograph No. 41, transverse compaction has
been accomplished, in some stabilized test sections by pulling the rolling equipment up
the slope by cable through a deadman to a tractor which operated longitudinally along the

berm. Another method of transverse compaction uti -
Jine as {llustrated i Dhotoss p tilizes a sheepsfoot roller and drag

aph No. 42. The most suitable soils for thin compacted
earth linings contain small amounts of clay and consi i i
order of suitability for thin compacted lim'igs are:n siderable sand. Soils arranged in

SC Sand with clay binder
GF-clayey, Gravel with excess clay

SF -clayey, Sand with excess clay
CL Clay (lean)

Heavy compacted linin ;
rolling equigmgnt can be éiﬁgngmused for slope Unings because conventional

aph No. 43.) The lining thickn
feet (normal to the sloge) s

_ g and no protective ‘cover is pequi :
S € § I' 1S required. The soil i i
b2 e, Ths xSl for the heawy linings and a fow oser ypce ean S1o0,
In .
the Bigggfé?)gﬁéﬁ4§§nﬁoﬁvotoanhna ear feet of compacted earth lining was placed in
feet, side slopes of 1-1/2'to gn and a ﬁéntiu}? Section the canal hag a t;gase w?dﬁah %f 122.0
depth is 5.25 feet. Before pla::ing the lining(-ilght o0 feet. The normal water

the canal was Overexcavated on the bottom
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and lower bank and evened up with a Cletrac “60’’ dozer. The canal j )
operation for 35 years (constructed 1907-1910), the subgrade was in zlal ag\gm gtiig t?
comgagtlon and no further treatment was considered necessary. The material used for
the lining was- a sandy-clay material containing sufficient gravel so that it was found
unnecessary to place.a protective layer of gravel over the lining. The borrowed mate-
rial was shoved into the canal with the dozer, spread out on the bottom and along the
slope of the lower bank to a height of 14 inches above normal water surface. The upper
bank was not lined. Compaction of the lining was done by traveling with the Cletrac
tractor. The thickness of lining was 12 inches on the bottom of the canal, but on the
side slope it varied from 20 inches at the bottom to 14 inches at the top. The lining has
performed well under operation and there have been no reports of either sloughing or
erosion. Aquatic growth, silt deposits, and the amount of cleaning required does not
vary from that required for unlined sections of the canal. No measurements were made
to determine the seepage losses before and after placing of the lining. However, before
the lining was placed, there were about five acres of land below the canal which had
become too wet to farm. Since the lining has been placed, this land has dried up to the
extent that farming is again possible.

A compacted clay lining, 5 to 6 inches thick with a 1~inch layer of gravel rolled
into the surface wag constructed by WPA labor in 1941 on the Melville “C’’ canal, Delta,
Utah. The canal has 2 base width of 16.0 feet, side slopes 2:1 and height of 3. feet,
and is 4,200 feet long. Reshaping of the existing canal, placing and spreading of clay
and part of the compaction was done by hand labor. A smooth roller was substituted
for hand-compaction early on the job. The density of the compacted lining varied from
74.5 to 94,5 pounds as compared with the natural condition of the clay of 97.1 pounds
per cubic foot. A clay having a permeability of 0.13 feet per year was used for the
lining. A l-inch layer of gravel was spread over the clay before compaction. The cost
was $0.425 per square yard and this lining has served its purpose for 8 years without
repairs. However, considerable erosion is evident at the toe of the bank slope. On the
outside of curves and under two bridges the lining has been entirely remove by erosion
because of the higher velocities caused by restricted sections. Ninety percent of the
lining is covered with a small leaf moss which is unaffected by che_emicals used so far.
Permeability measurements indicate an increase of from 0.12 cubic feet per square
foot per year immediately after the lining was placed to 0.42 cubic feet per year in 1944,
A high water table, which was lowered after the lining was placed, is again evident.

Earth linings have also been constructed in which the slope lining was placed in a
loose condition and the base lining was compacted. This procedure allows the densifi-
cation of the base material for maximum imperviousness and stability by conventional
rolling equipment and provides a loose lining of moderate 1mperm.eab1hty on the side
slopes where compaction is difficult with present equlpment. During 19403 5 miles of
this type of lining was constructed on the All-American canal, The base lining con- tod
sisted of 4 inches of clay soil thoroughly mixed with 4 inches of base soil and cqmpache .
(See Photograph No. 44.) The slope lining consisted of 6 inches of loose clay soil. The
lining involved 153,200 cubic yards of material and was placed under contract at a cost

lining had been removed from the side

indicati eepage losses on farm land below the
slopes. However, there was no indication of seepag Josses O Lo e which may be

canal, and it may be that an effective seal coating or e St bunks, Prior to the instal-

covered over by the coarser materials washed down 1rol
lation of thg eagth lining, ponds appeared on the lower side of the canal, and some land

was waterlogged. Seepage losses in the unlined canal were never gﬂﬂlg gﬁtgrminecci: uv;'i:?elnt
Trtainty, but esiimates ra.n%ﬁzd Egihigﬁaadsbtgr? Iigg&oefdmu?c?i“c]a%gld. that losses ha.d been
met inati 1 the n

reedlfgege’foe I(.)I:nll%aftiogzr%fégt per mile.g Late in 1947, however, ponds of seepage water

i to install addi-
were again ob d in the fields below the canal and it was necessary U«
tional c%raal;lng tsoei-‘e{;edy the situation. The actual condition of the lining is not known

since the canal is in year-round service.

duced some sloughing and probably much of the
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Silting

Seepage losses are frequently reduced by silting operations. Silt may be picked up
from the canal section and deposited elsewhere, may come from the water supply, or
may be artificially introduced into the canal. The introduction of silt into the canal is
probably the least expensive method for reducing seepage losses, if the silting material
is available near the canal. The seepage reduction by silting depends upon forming a
thin impervious surface membrane of silt and clay on the wetted perimeter of the canal.
This membrane is highly susceptible to atirition at the water surface, puncture, deter-
joration by weathering, and destruction by cleaning operations. Some silting operations
in coarse sands and gravels will provide a more-or-less permanent impervious lining
if the silt penetrates into the coarse materials to a considerable depth. Artificial silt=-
ing can be accomplished by dumping select material into the canal by means of a drag-
line or by sluicing the fine materials into the canal stream by means of a slotted flume
which can be placed across the canal. The effectiveness and practicability of silt linings
are dependent upon the available silting materials, the velocities of the canal, and upon
the structure of the formation through which seepage occurs. This type of lining, although

satisfactory in some cases, should not be regarded as permanent or impervious as other
types of earth linings.

Both loose earth lining and silting operations were used to reduce the seepage losses
in the main canal of the Vale project, Oregon. The operations continued over a period of
years and were effective in reducing the seepage losses from 75 percent of total flow in

1930 to 20 percent in 1940. Where heavy visible seepage losses occurred, top loam was
flaced on the slopes and the bottom of the canal approximately 6 inches thick. From

830 to 1935, 50,214 cubic yards of earth were placed at a cost of from $0.50 to $0.65
per cubic yard ($0.08-1/3

to $0.10 per square yard, 6-inch thickness). This earth blan-
ket reduced the seepage losses from 75 to 40 pgrceﬁt. oS8). TS ear

The remaining 20 percent reduc-
tion was accomplished by silting operations. Selected rvaSoA

. soils near the canal were washed
into a notched trough extending across the canal, which spread the silt over the water
surface. The silt placed by this method was carried as far as 50 miles, which adhered

to and was drawm into the pores of the natural soil. This silting method was found ver
Fﬂective in reducing the Seepage through the minute seams fougd in the underlying roc:l,c
. formations. The cost of silting amounted to about $0.50 per cubic yard of material handled.

! Uning was semi-compacted in the bottom b
gquégment Wfork%ni in the canal. Compaction of the 8-inch slopeplining was <aaaa.ccomplisjlrfled
by m:tuie 0 ?n / h—cubic-yard dragline and 7,000-pound single roller with hookup Similar

2t shown In Photograph No. 42." Silting was accomplished by dumping clay from

on the distance th .
in November 1947? frllaY had to be hauled. In transmitt

€ project engineer stated, >
from th lini e In view of the

elimina?etgg;rféggzgla&n %lmilesgo?}t%1 plgtf o date e projggt?‘gﬂ;i%&t&gg;ﬁig
on the Provo Reservoir Cana] *’ ® orlginal proposed 4.3 miles of coneréte lining

Bentonite.

be defined as earth material )
which cont
hydrons Sl o S Honie G, Chemicely e bR % mone o
Included in the natural soj]. a.uowever! because of various other chemi. a.'ls ?llga ur: b
in the same degree. The of bent_omtes do not exhibit the bentonitic gh S tt m%y e
racteristics of bentonite, whether beneﬁ.cia.lag: %st?isz'nlgrial
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to the engineering problem in question, include slipperiness, imperviousness, high water
absorption, and swelling. Disregarding the bentonitic grouping from a chemical stand-
point, and considering them from an engineering construction standpoint, the bentonite can
be classed in two groups. The Wyoming-type bentonites show a strong affinity for water
and the wetting is accompanied by commensurate swelling. The Metabentonites have min-
eralogical properties similar to the Wyoming-type bentonites, but do not exhibit pro-
nounced swelling characteristics. To differentiate between these two groups, chemically,
the presence of sodium in the first type favors great swelling, whereas the presence of
caleium, magnesium, aluminum, and potassium, in the second type tends to inhibit swelling.

There are several petrographic and chemical tests to determine the presence of
bentonite. One physical test--the free-swell {est, can easily be performed in the field
and will indicate the swelling properties of the clay. Briefly, the test consists of adding
10 cubic centimeters of dry material (passing the No. 28 screen and retained on the
No. 48) slowly to a 100-cubic centimeter graduate containing 100 cc of water. After
standing 24 hours, the apparent volume of the settled clay is determined. The final
volume is expressed as a percentage of the original (10 cc) volume, Other more elab-
orate and definite physical tests are available where the detrimental properties of ben=-
tonites are being considered in relation to an engineering structure. These would
include the-consolidometer type of swelling test, the uplift test, and the triaxial-shear
test which may be performed on remolded or undisturbed soil specimens.

Two types of bentonite linings are feasible using the Wyoming-type or high swelling
material. One type is the bentonite membrane lining with a protective layer of gravel
or earth. The construction procedure consists of spreading a 1- to 2-inch layer of the
loose, dry, high swelling bentonite on the canal section and spreading a protective cover
over the membrana. The second type of lining using bentonite consists of 2 mixture of
15 {0 30 percent bentonite with local soil. A 2-to 3-inch compacted layer of so0il-
bentonite protected by 4 to 8 inches of sand and gravel, has provided linings adequately
impervious, stable, and resistant to weathering action. The construction procedure
consists of mixing the moist earth and bentonite, spreading and compacting the mixture,

and spreading the protective blanket over the compacted lining.

A laboratory research investigation in 1941 on the uses of bentonite as a c¢anal
lining material resulted in the following conclusions:

entonite for limiting canal seepage

- 2 b
(1) The most satisfactory method of using e o e Hininga of mined

losses appears to be in the construction
soil and bentonite.

(2) Either high swelling or low swelling be
more of the low-swelling material would

(3) Bentonite used in mixes should be ground at least to 90 percent passing a
No. 28 screen and 40 percent passing a No. 100 screen.

X : the
i aired for a satisfactory lining depe;nds upon )
® g%zﬁggﬁtogift?ggog%tfhge‘gentonite, the fineness of the bentonite, the thorough
ness of mixing, and the porosity of the soil used.
cessary to insure stability on canal

i ' i1~ i ix is ne
® gﬁﬁgac%g? gﬁ; i%%uﬁ%?ta?ét:oﬁus[hould be moistened to about optimum mois-

fure before mixing.

ntonites may be used, but, in general,
be required for comparable results.

(6) In general, the compacted layer should be at lfhafész inches thick. Heavier
layers are usually required when machine :ne s e e with a a
adequate minimum thickness. The lining should be overed w dependmiinmg
of 6 inches sand and gravel or-compacted earth, the thic
upon the stability of the material used. -

' i be feasible in some loC es
in 0 percent bentonite may 0  1¢ .
™ yfggﬁ%%‘:llﬁﬁggngeéoarg readily available, althougthhetll‘};:gtype th E%e%pgeﬂg'
to be more susceptible to Jeterioration through wea than linin

-
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aches of the Frenchtown main canal, Montana, were treated with bentonite
to rgcliltfgee g:epage losses in April 1940 after 3 years of operation. A total of },055
linear feet, (2,579 square yards) of lining was installed in 4- to 6-foot base width sec-
tions. These canal sections were excavated through a light, fluffy soil with some rock
strata and gravel seams which resulted in heavy seepage losses and unstable lower
slopes. The subgrade was in fair condition of density and no a}ddltlonal treatmept was
made. The canal was first overexcavated to a depth of 4 to 5 inches, the bentonite was
spread out over the section to a thickness of 1/4 inch, a}nd -ﬂ}e soil from the overexcava-
tion was placed back over the bentonite membrane, This :5011 COVEr was 4.to 5. inches
thick and was not compacted. The lining has been in service for seven Irrigation seasons,
and no sloughing or washing has occurred. However, land below the canal is practically
as wet now as before the lining was placed. The protective soil layer has apparently
remained in place, yet the project manager states that he has excavated sevgral test
holes through the lining without finding any noticeable evidence of the bentonite mem-
brane. The bentonite membrane, in this case, is believed to have been too thin (1/4 inch)

to satisfactorily serve as a seal. In linings of this type a bentonite membrane thinner
than 1 inch is not recommended.

A satisfactory membrane-type bentonite lining was constructed by project forces in
the Huntley project main canal, Montana, during 1940 and 1941. This lining consisted
of 2 inches of loose bentonite covered with 12 inches of fine material and gravel and
was reported to cost less than $0.35 per square yard to install,

A lining of bentonite-earth mix was placed in 3,550 feet of the Heart Mountain canal,
Wyoming, in 1842 and 1943 as shown in Photographs Nos. 45 and 46. The lining mixture
was compacted to a thickness of 2 inches and covered with 12 inches of fine material
and gravel. This lining has been satisfactory in reducing seepage losses, but was
excessive in cost, probably because War Relocation Authority labor was employed.

A 2-inch compacted bentonite-earth mix lining was placed in a canal of the North
Platte project in Goshen C

ounty, Wyoming, by CCC labor in 1941. The canal had 2 base
width of 6.0 feet, slopes 1-1/2:1 and 2.0-faotx

1 -foot water depth. The lined section was 450
feet long and a protective cover was placed over the lining. The canal section was over-
excavated .75 feet with a dragline. One i

tion. The mixture was hand~tamped and covered with the original excavated material
The cost of this lining was $2.00 per square yard. At 1 irrigation
sia_ason, aﬁgough in eprlanation pper s q yard. . e close of the 1946 irrigation
slippage occurred on the side slopes and water 1 i i

S facent fields bormed, on the i D vater loss is again quite noticeable on

A ix is sometimes . ired
ST o o e lopes bt S e 1S (T8 standend sol-comert, 15 much mors
( acan an on the flat surface of a high irfield
and is therefore more ; L& gnway or airfie
included the use of the i)xlggn-slve . FOT this reason canal-lining experiments have

placed with a slip-form similar
its posal antage of soil-cement lining is
;c(:ia‘;l aIl:Rethogis which lglave b material. This
age is presen i ; for aoct]
compa.c%ii) b 1139 Ssent ¥ offset, in the case of the standard mix, by the

soil- )
from the weight of the slipc-?fg;%lf requires no compaction other than



soil-cement are covered by A.S.T.M. Standards D 558-44, D 559-44 -
D 806-44T. From these tests the following information is,obta.ined: » D 950-44, and

(1) The economical quantity of cement required to harden a particular soil into
a durable surface.

{(2) The moisture necessary with each soil-cement mixture,

(3) The density to which the soil-cement mixture should be compacted to obtain
maximum effectiveness from the cement.

Because the materials are more difficult to mix in the field, the recommended
cement percentage for field use is specified as 2 percent higher than the amount found
to provide satisfactory soil-cement in the laboratory in the case of material containing
less than 35 percent silt and clay. Should it become necessary to use materials having
more than 35 percent silt and clay, the recommended cement percentage for field use
should be 4 percent higher than the amount found to provide satisfactory soil-cement
in the laboratory. )

The construction procedure for soil-cement lining consists of preparing the foundation
" by trimming and densifying the loose or replaced materials and moistening the foundation
just prior to placing to aid in curing the soil-cement. The s0il for the mixture is pulver-
ized so that 8% percent of the material, exclusive of rock and gravel, passes the No. 4

- sieve. The moisture content at this time should be below optimum moisture but suffi-
ciently moist to provide satisfactory pulverization. After the specified quantity of
cement is added, the soil and cement are thoroughly mixed and, in the case of standard
soil-cement, sufficient water is uniformly added to attain the specified moisture content
for compaction plus sufficiernt water to compensate for evaporation losses du.rindg manip-
ulation, transportation, and placing. The soil-cement is conveyed to and dumped into

the canal, spread on the botiom and slopes to provide the required compacted thickness,
and then compactéd by sheepsfoot, pneumatic, or flat rollers, and finished by additional
rolling with pneumatic or flat rollers. (See Photograph No. 47.) The pulverizing,
moistening, and cement mixing can satisfactorily be accomplished in a traveling pug-
mill type mixer equipped to pick up the soil and cement from a windrow along the berm.

As previously stated, the compaction of slopes in canal lining construction is difficult
" with cogventionair equipn;ent. It hgs been found adva.nf:ageous, therefore, to i?:sréas;itile
moisture above the optimum required for standard so_ﬂ-cement to prpduce P : I;jx -
tures, Slip-forms or screeds, similar to those used in placing plastic concCrete es:-
(see Photograph No. 11) may then be used to advantage. The increase in moistugc;tcion
tent of plastic soil-cement decreases the density and resistance to abrasion, an S

ing loss in
necessar i the cement content to compensate for the accompanying
durabilitf‘r? ta?slgg{;f;%aeg by A.S.T.M. Standard tests D 559-44 and D 5680-44. A A%nisl;i
- 1 ass of a steel float, is usually specified. soil-

co b chieved with one :
ceggrag E]lj:gje.né% tgalfsgbe %‘;otected frorg freezing and cured for 7 daYSde meazés éJf 2 inches
of soil, straw, or burlap sacking, initially and subsequently moistened as needed.

Commercially available bituminous membranes may also be used for curing.

. - ere placed on
Test panels of standard compacted and plastic soil dﬂznm deune,pl e These

the main r C. Austin project, Oklahoma, :

Pa(lalels mgﬂlaéldﬁ]inthineg‘sﬁéz gnd 6 inch%s 211 thickness, with Vﬁlﬁblmn;eng ai-oﬁgeﬁgsﬁofﬁﬁg

10 and 12 percent compacted soil-cement as well 2s the plastic mix app A oldi
ely 5 have developed but no dlsmtegr;togn th:ra.fter

: balls whi
face of this lining, probably due to unmixed clay lining, but is not recommended because
concrete mixer was used in the construction of thim]_xser is much more efficient. The mate-

i - type .
;151.:.1 used %nisthggthc;gtzgﬁft&%n gglr?tafpil;ged considerable silt andﬁ‘filgglu‘go%e: Zf-ﬁt)pragfei%le
not provide the most suitable sojl-cement mixture. S’=‘:nd , 1riab.e d ino s well as
ase in mixing and placing as

for use in soil-cement linings due to th% grme%tg‘x;eeacﬁon o ol runoff has not occurred

e e o rowt has aeeuere 1 contrat 10 Beer grovts o



i on the adjacent compacted~earth lined sections. th was also notefi that the lining
gglsot&refhe water sJurface waspin better condition and contained less cracking than that
part above the water surface. ,

lastic soil-cement lining 711 feet long was placed in a farm diteh of the Yur'ng
Mesg givision, Gila project, Azgizona. This ditch has a base width of 4 feet and a Ylning
height of 2.5 feet. The lining was installed by the Branch of Operation a.r_ld Ma}mt@nance_
and was completed about December 1945. The canal is through sandy spll which is easily
eroded but is especially adaptable to cement stabilization. No compaction of the subbase
was provided. Screeds were placed in 10-foot sectlons so that alternate panels could be
placed with soil-cement, thus reducing shrinkage and providing contraction joints, The
cement-soil proportions were 1:5 by volume and the water cement ratio was about 1:4.
Mixing was accomplished in a conventional concrete mixer and damp sand was used for
curing the soil-cement after which the ditch was ponded for about 2 weeks. Twenty-
eight-day strengths on two 6 by 12 cylinders were 1089 and 1273 psi. Project estjmates
placed the cost at about $1.25 per square yard. After the lining was under service for
about 15 months it appeared to be very satisfactory and its general condition was good.
A few small contraction cracks appeared in the middle of many panels and there were a
few localized areas where spalling had occurred. There had been no aquatic growth
and, although seepage losses have not been measured, they were believed to be insigni-
ficant since seepage on adjacent lands was not indicated. However, during a recent
inspection of this lining, it was noted that pattern cracking had increased and the gen-
eral appearance of the lining was not as good as when previously inspected.

Additional plastic soil-cement linings have been placed on the Gila project by means
of a slip-form. These linings were 2 inches thick using a 20-percent cement, by volume,
mixture and a water-cement ratio of 1:1.2. Initially, this produced a very satisfactory

lining at a minimum cost.. However, subsequent sections developed cracks which
prompted the project to discontinue this type of lining, without determining the cause
of cracking. Further experimentati

! y t on might have shown that this was caused by variable
soil conditions, high temperature at

time of placing, lag in placing the protective blanket
stresses caused by the slip-forms, or prestiffeni.ng’in %he c%men% F : ’

On both the All-American and Gila projects experimental dry mixed-in-place soil-
cement, B:ﬂnéihave been installed, Constructic,)n procedure cons%sted of shaging the
canal, spreading cement on the dry base, and hand-mixing the soil and cement to a depth
of 3 inches. The canal was then reshaped and watered with a fog spray to set a top crust

the section and the section was ponded

et ooy control ins o necessary' prerequisite for obtaining the most sat-
Three 500-foot test panels of soil-
Glla pood p S of soil-cement

Placed pneumatically in a lateral of the
oject are deseribed in the dis i ; :
soil-cement lining did not prove satig?ggég:y?n shoterete. This method of placing &

Comlg a%oopaeg;ttil?n I??ﬂl the Portland Cement Association, the Barber-Greene Equ.{pment

Soﬂ_Ceg’ent linir? adsen Iron Works, the Bureau constructed a 4 480-foot plastic

canal section hasgaogagéeggtsl'} cJ;f:L foliiléalsgcfighs?y : Céf%usit}g Iljx.éjeCt n May 1947, rIf‘he

5, inj 3 ; ? pes ~1/411 with a sl ngth o
41 feet. The lining thickness is 3 'Ii‘ﬂce:hrie:t’ur a{:]c-l about 4 cubic feet éghsoils-gggﬁt per

type. The canal was excavated by drazgz g.rsxgdﬁ‘fxie hen oy graded fine sands

3.9, 4.5, and 6 : 3
3011~ y O.dy 2.9, sacks of cement per cub
conut e%?nent were placed to determine the variati on in Prina ey Sublc yard of plastic

lining performance due to cement

The tw ! :
teveling pent mines and e Garal evens a9 o he pracess possible were the
mixer is a pug-mill-type, with an overhead stc‘g-naglg bhotog'raphs Nos, 49 and 50. The

in, and a self-propelled pickup
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conveyer preceding the mixer. The sandy soil to be used for the lining w i
along the side of the lateral and the loose cement was placed in a groo%re gi :Jhlélcil:g;uﬁd
the windrow. The windrow was picked up by the conveyer and carried to the pug mill
where mixing and moistening were accomplished. From the discharge end of the pug
mill, the plastic mixture was conveyed to the paver hopper. The mix was distributed
to the slip-form which left a smooth, finished lining when properly operated. A maxi-
muin rate of operation, 351 linear feet per hour, was reached after several alterations
to the slip-form were made and after operating personnel became familiar with the
rocess. The line, grade, and thickness of the lining was controlled by the front unit
?sled) of the paver. The paver was moved continuously by means of a winch attached
by cable to a deadman ahead. Considerable difficulty was encountered in stopping,
starting, and cleaning the slip-form. This necessitated patching after curing of 'gle
completed lining. Also, rapid stiffening of the mixture required rapid placement of the
curing medium and repeated cleaning of the slip-form.

The finished lining was cured by four methods: spraying with a paraffin wax and
diesel fuel mixture, spraying with a commercial white-pigmented sealing compound,
spreading RC-2 bituminous compound, and spreading a damp sand cover. Most of the
lining was cured with the damp sand cover because this covering could keep up with
the slip~-form and gave the best immediate results. The wax-diesel fuel mixture melted
with rising temperature, flowed to the bottom of the canal, and excessive cracking
occurred in the lining so treated. The RC-2 did not prevent cracking but had a tendency
to fill them. The commercial white-pigmented compound was generally satisfactory.

Performance records for this lining are not complete at this time; however, several
tentative conclusions are indicated. The placement of plastic soil-cement with a slip-
form type of paver was found definitely practicable and economical. The pug mill-type
mixer was ideally suited to mix plastic soil~cement and the canal paver, after rebuilding,
proved effective in obtaining a reasonably smooth lining with the required thickness.

The addition of a mechanical feeder and other improvements on the traveling mix-plant
should decrease the cost of operation and increage the rate of production. High cement
contents (above that necessary for durability) did not improve the plastic soil-cement,
but caused the mix to become sticky and difficult to Qlace. C_racking appeared to increase
in direct proportion to the amount of excess ceme_znt in the mix. Curing by moist SOitlh
proved practicable and produced best results during actual construction.- Hogvever, e
use of white-pigmented sealing compound for the covering of patches resulted in even

fewer cracks than the moist soil.

ing i i i tents
It appeared that most of the cracking in the sections containing lower cement con
was ca%)ed lgrgely ‘é? the surface tension of the slip-form. This sqppositiothna is tlsluppé:;'ted
by the fact that most of the cracks are nearly normal to the centerline a'%d i t begi 0 4
not appear in such a pattern in the larger patches which were hg.nd placeuﬁiior;i believe
that a paver, pulled at a continuous constant speed, would provide more
and less cracking would result.
i d patching, of
A total cost, including labor repta.l, cement, supplies, an
$0.78 per sadﬁl;'aégye'ard was obtained. Th’is figure is exclusive of trimming. tﬁ? mf)rrllidxﬂlm
tained under the most favorable opera c

cost . ard was ab
tionsoafi?eg- %epgagﬁﬁ: gnd the Oper?tion had been improved. Progress of 300 feet per
hour on a 4~foot bottom lateral is entirely possible.

Resin and Chemical Stabilization

Specially treated resins in the form of powder whenf adggrd ;cér iggls aﬁf@?ﬂﬁng
considerable clay have been used as stabilizing agents o;- T strips and sec bedeanryused
roads. These resins inhibit the infiltration of water and for his reason have been
experimentally in canal linings. The amount of resin rer.luflL:ir(q:ea_1 os bilize the sofl
depends on the characteristics of the soil, but from a prac ica ofmwater nt, it Tanges
from 1 to 3 percent. Because the resin prevents the entratnd  of water Into e St
mixing water must be added before the resin 1S mcorpo:gﬁ% nlins he sofl. Fron s of
20 percent of molsture is required and maximum compaction 8 "EF LT ens Paster

is type are mixed and compacted in the same maémir I;afwet ndard sc
the lining has been compacted, it does not have to be ke
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An experimental section of resin-stabilized lining was constructed by tpe Bureau in’
the main canal of the W. C. Austin project in. 1945, The resin used in this installation
was Stabinol, a commercial product which has since been taken off the market because-
of its generally poor performance. The lining was 6 inches thick and consisted of a
sandy loam soil excavated from the canal mixed with 1-1/2 to 2-1/2 percerit of resin.
The Stabinol consisted of about 70 percent portland cement and 30 percent of a sodium
resin compound. The installation on the W. C. Austin project has suffered considerably
from erosion, which indicates the necessity for a gravel or other protective blanket
over this type of lining.

Sodium silicate in combination with sodium and calcium chloride has been used to
stabilize sandy soils in deep excavations and to improve the bearing power of soils,
Sodium silicate in liquid form produces a gel when added to sandy soils, The addition
of sodium and ealcium chloride to the sodium silicate sets the gel and forms a solid
mass which is hard and impervious. However, the idea is not believed adaptable to
canal use because of the exposure and the alternate wetting and drying to which it would
be subjected, and no work has been done in this connection in the current Program.

Another possibility exists in the use of sodium chloride with soils containing an
excess of calcium. Such soils usually take water readily and are quite permeable. The
addition of sufficient sodium in the form of sedium chloride, to replace the calcium and
to provide an excess, brings about a change in the soil characteristics rendering it rel-
atively impermeable, Sodium chloride has been so used to seal ponds and reservoirs,
but no record of similar treatment of canals is available.
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Photograph No. 41

Compacting earth lining on slope. Showing method of
holding equipment on sgide slope--W. C. Austin
Project, Oklahoma.

Photograph No. 42

Method of transverse compaction of earth lininge--
W. C. Austin Project, Oklahoma.



Photograph No. 43

Longitudinal compaction of heavy compacted earth
lining--W. C. Austin Project, Oklahoma.

Photograph No. 4h
ottom of canal--All-American

Rolling clay blanket on Db
Canal.



Photograph No. 45

Processing bentonite-earth mix in canal bottom--
Left slope has lining mixed in place--Heart Mountain
Canal--Shoshone Project, Wyoming.

Photograph No. 46

Completed bentonite-earth lining--Heart Mountain
Cansal, Shoshone Project, Wyoming.



Photograph No. 47

Jompacting soil-cement lining in slope--Main Canal--
test section--W. C. Austin Project, Oklahoma.

Photograph No. 48

Erosion and disintegration of dry mixed-in-place
goil-cement lining due to low density and nonuniform
mixture and thickness of lining--Gila Project, Arizona.



Photograph No.- 45

General view of Barber-Greene road mixer and Fkenstam
Canal Paver at start of installation of plastic
soll-cement lining--W. C. Austin Prolect. Oklahoma.

Photograph No. 50

Rear view of equipment placing plastic goil-cement
lining--W. C. Austin ProJect, Oklahoma.



BRICK LININGS

The first extensive use of elay brick for canal lining purposes in the United States
of which there is any available information was on a private irrigation district in Texas
in 1933. The bricks that were used were ordinary clay bricks salvaged from wrecked
buildings. The canal section was a semicircle. The bricks were placed on the subgrade
with a sufficient interval between to allow for mortar which was dumped on the bricks
and broomed into the openings. The bricks on the side slopes were laid with a trowel.
Following the laying of the bricks, mortar was brushed or broomed over the interior
surface. No reinforcement was used.

" Later, a brick of special design was developed which has been used rather extensively
in the Lower Rio Grande Valley (142, 144, 146). Intended primarily for canal lining
use, this brick is 1-1/2 by 5-1/2 by 11-1/2 inches in size with longitudinal cylindrical
holes which decrease the weight and permit the mortar between the ends of the bricks
to enter the holes and serve as dowel pins. Grooves in the longitudinal edges are pro-
vided for centering reinforcing mesh which properly spaces the bricks for brooming a
thin cement mortar into the joints (see Photograph No. b1). Additional mortar is
brushed over the surface to a thickness of approximately 1/4 inch. Although this type
of lining has not been in service for a sufficient length of time to conclusively judge its
durability, it was reported that an inspection showed no evidence of deterioration,
especially where reinforcing had been used, Photographs Nos. 58 and 53. Some small
hairline eracks were noted in the reinforced brick linings, but there was no evidence
of seepage. In the unreinforced brick linings, there were both longitudinal and trans-
verse cracks which had been repaired with asphalt. It was reported that in the opinion
of the managers of the irrigation districts in the Lower Rio Grande Valley who have
used brick linings that this type of lining is as satisfactory as gunite for use in small
canals and laterals, and in that area is more economical. Total cost of the finished
lining, including fine trimming and all materials, was reported as $1.80 per square
yard. However, all operations were performed by common labor at $0.30 per hour
which is not ordinarily available in other localities.

Brick linings have been used rather extensively in India where an abundance of
cheap labor is available and where materials for concrete linings are difficult to obtain.
The Haveli canal in India in 1937 was lined with a double layer of 12- by 5-7/8- by
2-1/2-inch tile brick. The bottom layer was bedded in 1/2 inch of 1:6 cement mortar.
Both layers were placed with 1/2 inch of 1:3 cement mortar between the bricks and
between the layers. The lining was reinforced with 1/4-inch bars at 24-1 /2-inch
spacings, longitudinally and transversely, on the bottom and 12-1/4-inch spla_l.(:éntgs,th
longitudinally and transversely, on the side slopes. A plaster coat was applie gh e
surface of the last layer of bricks. Except for some damage from s_ettlement ofk E_:D -
subgrade, this lining has been satisfactory. The report stated that in future wor t' g;c
10 by 4-7/8 by 2-3/4 inches in size were to be used and that the reinforcing was f?ota-
eliminated because experience indicated that any damage from bz'a.c:lc-p;lelslsur:l oz; Lot
tion was increased by reinforcing which prevented early failure in sm L ocal are
without extensive damage. No cost data are available on this work in India.

or gunite. Therefore, there are fewer temper ! C
exp%nsion joints. Thf-; bricks are particularly adapted to use in thethmorlg h&irﬁgl;cgﬁgk
efficient, semi-circular section which offers no great difficulty to the placing

Inj i i t-in-place concrete
L se of the steep sides, precludes the use of cas I I
u%nnllélsgsbf%trg]sl;.rxl"ebeeriaﬁoyed. The cor?struction of a brick lining requires little c?qulp)r'tinent

lining small areas or short, segregated sections

and i§ i 1y suited for : A -
o a Canay whie oud require froquent interruptions and OO O o be used
ever, the most important advantage of brick linings is that unsii =8¢ 8 supply of local
almost entirely in its installation. This factor, plus a readily a‘;’t b ?n orep sconomical
bricks, is the main reason why this type of lining has been foun fo hga labor exists.
than concrete or shotcrete linings in areas where an abundance of ¢h=ap

However, if it is necessary to employ high-
brick lining x’:vhich involves hand labor throughout

1 low in cost as a first-class ] : : 1abor.
gll:ghmigev;ot%li rklgvgebgzn developed recently, require relatively little expensive hand

: i jcient guantity near the construc-
In addition, unless the brick can be manufactured in S‘Juflfécgﬁgbably prghibit its use for

tion site, the cost of handling and of transportation wo
canal lining.



Photograph No. 51

Placing brick in wire mesh reinforcement prior to
brooming of thin cement mortar into open Jjoints and
over interior surface--Lower Rlo Grande Valley, Texas.

Photograph No. 52 Photograph No. 53
Typical brick lining approxi- Brick canal lining placed in
mately 10 years old--Valley 1947--Valley Gravity Project,

Gravity Project, Texas. Texas.



STONE LININGS

Probably rubble masonry or stone linings have been used more irequently in the
centuries past than any other of our present lining materials. Installations of almost
every description and age can be located in various parts of the world, many of them
in service at present. A modern example of such construction is the lining installed on
I.he North Fork canal near East Highland, California. It consists of three different
ypes:

1. Stones chinked with broken stones
2. Stones with grouted joints
3. Stones with grouted joints and a plaster finish

The lining is about 10 inches thick and was installed to resist erosion and not to pre-
vent seepage. Reportedly, it has given excellent performance and is in good shape.
Such linings are common in that region wherever the grades of the canals were steep
and a plentiful supply of natural stones exists.

Rock masonry has been used for the lining of a number of smaller laterals on the
Carlsbad project in New Mexico. The typical installation shown in Photograph No. 54
consists of quarried or natural rock 2 to 4 inches in thickness bound together with
cement mortar. Most of the work at Carlsbad was accomplished by CCC forces and
for this reason the unit costs are of little value for comparative study. The masonry
linings on this project were reported o be in very good condition with only isolate

damage dug to displacement by tree roots. .

Rubble masonry provides a strong permanent lining. If given a smooth plaster
finish it is an efficient carrier of water. However, its use is rather limited because
of the large amount of hand labor required and because a natural supply of stone must
be available. In regions of cheap labor the first factor might not prohibit the use of such
linings, but in areas of higher priced labor or in aréas where natural stones were not
readily available, the cost of such linings would exceed that of concrete linings. It was
stated in the report on the rock lining on the Carlsbad project that it is believed that
rock linings are not adapted to contract work.
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Photograph No. 54

Magonry lining installed about 1941 using gquarried
rock 2 to 4 inches thick with mortar joints--

Carlebad ProjJect, New Mexico.



SYNTHETIC PLASTICS

A study of materials for lining canals and laterals would not be complete without
consideration of the synthetic preducts popularly termed plastics. Most plastics, man-
ufactured from organic materials, are available in sheets or in various granular forms.
Many of the sheet plastics have high mechanical strength and high resistance to rot and
weathering. The use of sheets, however, presents a problem in bonding such a lining
to the canal section. Sheets of reasonable thickness (0.005 to 0.02 inch) vary in cost
from $0.20 to $0.50 per square yard. The granular materials are usually cheaper and
may be utilized by dissolving in an appropriate vehicle and spraying or otherwise coat-
ing the earth section or old lining. A built-up membrane, using jute fibres or glass
fibres as reinforcing, has been suggested for trial.

Investigations to date have been limited to preliminary laboratory tests. At least
16 samples from the leading manufacturers of plastics have been received and are
being tested. Rot resistance is determined by tensile tests of samples buried in com-
post piles. Weathering characteristics are observed afier roof exposure. Some exper-
imenting has beén done with granular products alone and as admixtures to asphalt, but
no significant results have been obtained. Further investigations and possibly one or
more experimental field installations of the most promising materials are contemplated.
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SOIL STERILIZATION -

Wegds do not penetrate portland cement concrete or soil cement, and hot~-mix
asphaltic concrete made with low-penetration asphalt and compacted to 95 percent of
labora}tory density, has a high resistance to ordinary weed growth. In contrast, asphal-
tic prime-membrane, cold asphalt mixes, pneumatically applied asphalt, and most pre-
fabricated asphalt linings are quite vulnerable to weed penetration, which may eventually
disrupt the lining. These types of asphaltic linings are not only susceptible to weed
growth, but the black heat-absorbing surface acts as a hot bed which actually promotes
seed germination and accelerates weed growth, Sterilization of the soil under such
linings is usually a prerequisite, therefore, to reasonable serviceability.

Sodium chlorate, borax, and boric acid are effective soil sterilants, and are the
materials most commonly used for this purpose. They may be applied as a powder,
either scattered over the surface or placed in holes spaced 12 to 18 inches apart, or
they may be sprayed on the subgrade in an aqueous solution. Sodium chlorate should
be applied at rates from 4 to 8 ounces per square yard of treated surface, while borax
and boric acid should be applied at the rate of 16 ounces per square yard. Sodium
chlorate is readily soluble in water, and being an excellent oxidizing agent becomes a
fire hazard on the clothing of workmen or on dry grass adjacent to the work. Borax
and boric acid are both less water soluble than the chlorate, and these boron compounds
are fire deterrents. Mixtures of borax or boric acid with sodium chlorate are frequently
used because of the benefits of reduced fire hazard and more lasting effects. In such
mixtures, borax is usually preferred to boric acid because of its lower cost. Borax
may be used alone, but if applied as a powder its slow rate of solubility may result in
inadequate early sterilization. Boric acid is more readily soluble than borax and there-
fore, the two boron compounds are sometimes used in combination. Oxides of arsenic
are excellent soil sterilants, but their use is discouraged because of the possibility of

contaminating irrigation water.

A number of organic materials, including diesel or fuel oil, have been found to have
fairly good soil sterilizing properties. These are rendered more effective by the addi-
tion of certain oil soluble chemicals such as pentachlorophenol, sodium dinitro ortho-
cresylate, and two-four dinitro butyl or anyl phenol. While such additives are expensive,
they add little to the cost of the sterilant since only small quantities (usually less tﬁm;ﬂ
2 percent) are required. Fuel oils fortified with 1.75 percent of two of the above che i-
cals are specified for alternate use under the asphaltic lining to be placed in t?e Y%ac o
canal, California. Application of the petroleum sterilants will be at therateof 1 g ond
per square yard. Areas will be leit untreated for comparison and to determine the nee

for sterilization.

qxomars X s , 0.10 per
The cost of sterilization with the inorganic materials should not exceed $ 2
squareeyc;.rdt since thelcost of material only, if applied at the recommende&lﬁra(*it?sé 1“’335
be approximately $0.03 per square yard. By comparison, the cost of fortified fu

: joati io, petroleum
is about $0.15 per gallon and, at the rate of application proposed on ¥Ygnacio,
Sterilizag.on wipll cgst at least $0.20 per square yard. However, Ji{hash?nltlldpgggf:mtg;
latter will dprovide sterilization for a proportionately longer time, the nigher

be justifie
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CANAL CONSTRUCTION EQUIPMENT

As pointed out in ths discussion on costs of concrete linings, the greatest possibilities
for reducing the cost of canal linings are in the construction operations. It was stated
that 63 percent of the cost of a 3-inch reinforced concrete canal lining was attributable
to the cost of trimming, placing, and finishing, whereas, only 37 percent was for mate-
rials. In general, this relation exists for other types of lining. Yet a reinforced concrete
canal lining is very similar, both in materials and requirements for placing, to a rein-
forced concrete pavement, and it follows that there should be a fairly close similarity
between the two types of construction as to the ratio of the cost of placing and the cost
of materials. However, the ratio is practically the reverse for pavement construction
as approximately 60 percent of the total cost is for materials and the balance, or 40 per-
cent, is for placing. This great difference is largely attributable to two important fac-
tors which are more or less interdependent. .

The first factor is the characteristic trapezoidal cross-section of canals as compared
to the relatively flat surfaces encountered in pavement constructions. This trapezoidal
shape and particularly the steep side slope considerably increases the difficulty of
placing the concrete, and, what is more important, it précludes the use of relatively
simple, inexpensive equipment that might otherwise be adaptable to other uses.

The other reason for the high cost of placing canal lining 1s the lack of efficient,
mass production, standard equipment, such as has been characteristic of pavement con-
struction. This high degree of efficiency in pavement construction has been the result
of a sustained, natlon-wide highway construction program which created a highly com-
petitive construction field that, in turn, created a pressing demand for efficient, mass
production equipment. Because of the experimental nature of many of the canal lining
installations and to the comparatively small volume of such work, the same degree of
mechanization has not developed for canal lining construction. It is true that in recent
years a few enterprising eontractors have designed and built special equipment fdor
trimming the subgrade and placing the linings in large canals which has produced very
satisfactory results. However, these machines involved a large expenditure and Wer;ain
built for the particular job at hand with no provision or even little possibitity of af{iaig g
or modifying them for use on other projects, both because of the lack of such WOII:'l '
the immediate -future in most cases and also because of the many inherent diffic Atles
of designing such a machine that would be adaptable to canals of various sifies. ost sa on
result, the entire cost of this special equipment was amortized in construction cos
the particular project with no material savings in unit cost.

s f canal lining
The construction of a lined canal using any one of the better types o
materials, s&gh as portland cement concrete, asphaltic concrete, shotcrete, ete., has

i d distinct steps: rough
usually been accomplished in three more or less separate an ps: rouf
excavation of canal section, trimming of canal section to exaé?uilzi)n:geﬁd tlgt de, 2 sally

lacing of the lining itself. A few contractors have'devised )
gccom%)lished t;lréel fgrst two steps, excavation and trimming, in one operation but this
does not represent the usual practice.

EXCAVATING

The excavation is usually carried only to approximate unedan?hggfagleﬁ fl.lhng %ﬁgﬁ:ﬁ%g
410 12 inches on the bottom and side siopes depending on the dep tion has, of course,
capable of making, The method and equipment used f0r e fod, the yardage involved,
varied considerabiy depending on the material to be excavated, 1 Ié quipment, such as
and the size of canal. On the larger canalsil Swgggxf%::gth égllgfllgzg canals have usually
draglines, shovels, tractors, and scrapers has or with a standard machine or imple-

b i ially designed machinery ¢ ing degrees of
peen excavated with eopeelal Y e apted to the particular job with varying degr

tisfactor
success., Some of these latter machines have produced an excavated surface sa i y

for a lining foundation with little or no trimming.
] canal
bhoto aph No. 55 is a rear view of a remodeled t%regggduséeg ;g ggfi\;ateb?e anal
with a cirgcrulgr bottom on the Gila pr]ojgetcaaSB fei(;-aé%sr?ece?ss:ry %o make a “V”’ cui';.:'l in thc;s
: . y i xcavation wi
lgri‘%ﬁailgu\:r;t% %%igoldgggég .th\?ery 111'.’t1e fine hand grading subsequent to e
required,
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The ditcher pictured in Photograph No. 56 has been used rather widely in maintenance
operations and also for the excavation of new canals. The depth of cut is adjustable by
hydraulic lifts. The maximum size of canal that can be excavated with this equipment
is one having a depth of cut of 3.5 feet, a bottom width of 5 feet and a top width of 16 feet.
An excavator somewhat simjlar in design and principle of operation has been developed
by a contractor operating in the vicinity of Phoenix, Arizona. This machine is shown in
Photograph No. 57. In a recent field demonstration, this excavator produced a subgrade
surface adequate for lining without further trimming.

Dhotograph No. 58 is a side view of a specially designed and constructed excavating
machine used very successfully on the Gila project, Arizona, in 19468. The machine was
self-propelled on regular caterpillar treads. The material was excavated from the canal
prism by the large revolving cutting wheel and deposited on a transverse conveyor belt
operating through the center of the cutting wheel which, in turn, discharges the material
onto the canal bank. Depth of cut was adjusted by raising or lowering the cutting wheel
by means of a cable system. The wheel was maintained in a level plane by hydraulic
controls, making use of the pendulum indicator seen on the conveyor belt in the front
view of the machine (Photograph No. 59). In preparation for excavation with this machine,
it was necessary to build the ground surface up to a level plane such that the canal sec-
tion would be all in cut to 2 fairly constant depth. A little hand trimming was necessary
subsequent to excavation,

1

TRIMMING

Heretofore, trimming of small canals and laterals has usually been accomplished by
hand labor after the excavation was completed to approximate line and grade. On the
larger canals specially designed equipment has been devised to do the trimming of the
Subgrade. Most of these machines were very similar in design and principle of opera-
tion and the more recent ones were merely improved models of the earlier machines.
Almost universally these machines have consisted of a steel truss frame in the shape
of the canal section traveling on tracks laid along the canal bank. The material is
trimmed from the subgrade, usually by bucket excavators, and deposited on a system of
conveyors which discharge onto the banks. These machines have produced satisfactory
surfaces for canal lining but are highly specialized pieces of equipment. They are not
adaptable to operations on other types of work nor even on canals of different cross-
section without extensive alterations. In addition, the laying of the track_ along the bank
1s an added expense which makes the use of such equipment almost prohibitive on small
canals and laterals which do not involve sufficient yardage of trimming per lineal foot
to warrant such an expense. For this reason, the use of caterpillar tracks on trimming
equipment for small canals would be a great improvement.

The machine shown in Photograph No. 80 was used on the Balmorhea project and
represents probably the simplest one of the trimming machines that operate on tracks.
It was pulled forward by a powered winch and a cable anchored ahead of the machine, and
was adjustable as to elevation or depth of trim. The diagonal blades shown in Photograph
No. 61 shaved the side slopes and pushed the material down into the center of the canal,

from where it was shovelled out of the section by hand.

A rather unusual type of trimmer was used on the Coachella eanal, All-American
Project, in southern CZfi:fornia (Photograph No. 62). It consisted of a steel frame supb-1
ported at the four corners on the usual track laid to grade. The machine was adjusi_:aede
{0 grade by means of hydraulic jacks at the supports. Forward movement was obtain
by winches and anchored cables. However, instead of the usual bucket excavators, a 4

ade near the front of the machine loosened the dirt on the side slopes and bottorl?i;n
the flat rectangular plates shown attached to the sprocket chains pushed the m:‘f:.le 4
up the slopes and onto the bank. There were two separate systems of these blades an
chains, each operating across one-half of the bottom and one side ‘slope.

i tem
The macine shown in Photograph No. 83 is another departure from the usual sys
of bucket excasra?ors. This magrhjne was used for trimming operations on the Yak_iéna
Project. A long revolving drum fitted with scarifier teeth was set at the pr0pgr 151 e
slope on each side. This revolving drum cut the sides to the proper grade and s 0}1138 e
and moved the material to the bottom of the canal where large screws, one on each side,
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trimmed the bottom and moved the material Into the path of the elevator buckets to be
picked up, deposited on the conveyor belt and discharged onto the canal banks. It also
was moved forward by winches and cables anchored ahead of the machine.

The trimmer used on the All-American project in Arizona, is representative of the
more common type of trimmer except that it had a number of refinements added (Photo-
graph No. 64). It was of the bucket excavator type. Two systems of buckets, one on
each side, traveled across the canal section in guides and trimmed the section to proper
line and grade. The excavated material was dumped onto the short conveyor belts and
discharged onto the banks. Forward motion was by the system of cables and powered
winches shown. Depth of cut was controlled by hydraulic jacks at the four corners. The
machine was electrically operated from a motor generator set on the deck.

The trimming machine shown in Photograph No. 85 and also the lining machine in
Photograph No. 76 gives an indication of the possibilities of manufacturing equipment
whose adaptability and easy adjustment make them readily usable on other projects.
These two machines were used in the construction of the Contra Costa canal in California.,
The canal subgrade was trimmed to line and grade by the usual buckets on a single con-~
tinuous belt traveling down one slope, across the bottom, and up the opposite slope to
dump on the usual conveyor belt system. The machine was electrically operated and
driven from a portable 50~kw generator. The most unusual and outstanding feature of
this machine is the easy adjustment for changes in depth or width of canal section.
Adjustment in bottom width of the canal is secured by insertion of a spacer section in
the center of the framework. Approximately 1 foot of variation in depth of canal is pos-
sible by means of the hydraulic jacks at each corner support (see Photograph No. 68).

An additional 10 inches of adjustment in depth can be obtained by a 1800 rotation of the
swivel arm connecting the wheel assumbly to the trimmer frame. Exact depth of cut
is maintained by operating the machine to a tant wire along the canal bank.

LINING

the placing of conerete canal liiﬁng by hand was
on the larger canals where the volume of material

12€ warranted the expense of i i . t
ir:ig'il aé fe¥ hrinsachmes haxtre been designed and usedpfor ’Ehg 1?:?5%% esqrglall).lmggzialén a;(eicen
larger hnmg m:gglﬁrizer;e.n has been somewhat different in principle of operation from the

The con ini
;?%tfg\rfla,. &ivgéi%egst%afcgys dicl)fﬁgctl_le canal banu}r{c')r Thme trhne;.csl'}lliaxlmpe% %frgth?lanla;lr gﬁ? lfsst;ble
at proper grade by means of a taut J\?ffg :ltoglget{l%uga%ﬁner Supports and are maintained
Photograph No. 67 is a rear view o

. f & canal linin i ; i ject
in Washington, in 1940, showi L g machine uséd on the Yakima projec
tom of the Slilg-form w’ere émEn %eg?lgi&%eagzség:i%?%ﬁ’ork' e Steel plates on fhe b0

B gacrete;, These pltes were construcid with  SLght apwara chovs Sovesd b
shown the open bottom compartment bl e, CORCTete. Just forward of the slip-form is
the slip-form as the maching ;d%gg¥mc¥hheld ibe supply of concrete that fed back under
dumping the concrete throy : € supply of concrete was replenished by

h X
bulkhead seen through the fg aéetig.??rezéﬁsogemnﬁg In the top deck just forward of the

ead was sloped forward from the to
down along the bottass ot o the supply compartment. The rog arrangement extending
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under the slip-form and to secure good coxggggteignthe conerete to ald it in flowing back

ornia. However, it h
Tou it has several added
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and capable of self-propulsion as well as being hydraulically raised or lowered. It also
had a recejving hopper on the deck capable of holding about 6 cubic yards of concrete,
The concrete mix was delivered from transit mixers to this hopper by the belt conveyor
shown and was then distributed the full length of the liner by a distribution car traveling
under the hopper.

One of the greatest difficulties encountered in placing a reinforced concrete lining
is that of maintaining the reinforcing in the center of the concrete slab. For the machine
described above, this problem was solved satisfactorily as shown in Photograph No. 69,
To keep the reinforcement from rising above the specified depth, a 4-inch pipe bent to
the shape of the canal section was welded to the forward side of the concrete compart-
ment at about the reinforcement grade. This pipe is shown directly under the transverse
I-beams. The 2-1/2-inch pipe directly below the 4-inch pipe raised the reinforcement to
grade as the machine moved forward and the pipe was pushed along under it. This pipe,
also bent to the shape of the canal section, was cut at each intersection of the bottom
and side slopes and a cable threaded through the three segments. Since the center seg-
ment depended entirely on the cable for support, the cable was fastened at both ends to
hoists to make it possible to raise or lower the pipe assembly by changing the tension of
the cable, To keep the center segment of this lower spacer from working back into the
concrete, it was necessary to install a 3/4-inch pull bar on each slope from a projecting
member on the machine down to this center segment. This bar is shown along the bot-
tom of Photograph No. 69 just under the reinforcement.

Recently several machines have been developed that satisfactorily place concrete
lining in small canals and laterals. Photograph No. 70 is a front view of one type of
machine which was used for placing reinforced conerete lining on the Balmorhea project:
In Texas. It consisted of a frame traveling on tracks along the canal banks and support-
ing a steel plate slip-form shaped to the finished section of the lined canal. The machine
was self~propelled and traveled forward at a rate of about 165 feet per hour. Photograph
No. 71 is a view looking down into the concrete compartment. The slip-form was about
© feet long at the bottom with the leading edge cut square across the canal section on the
bottom and sloping back at a 459 angle on the side slopes. The sloping, inverted pan
formed the top of the slip~-form, and served as the inclined bulkhead employed in larger
lining machines. Located just forward of and connected with the slip-form by four angle
iron struts was the shield plate which formed the forward part of the concrete compart-
ment. A large vibrator was attached to this shield plate and vibrations were transmitted
to the slip-form through the connecting struts to cause the concrete to flow uniformly
under the leading edge of the slip-form. However, the method of vibration using an
external vibrator did not prove too successful as the machine did not produce a full and
uniform slab unless a wet mix was used, with the result that considerable hand-finishing
Was required to secure a satisfactory lining. Field experiences have indicated that an
internal vibrator, such as a vibrating tube, near the leading edge of the slip-form will
‘Produce the best results. The thickness of lining placed by this machine was va.ried_by
raising or lowering the slip-form by bolt connections to the frame and the proper thick-
Dess was secured by operating the machine with the slip-form in contact with the top
edge of the 2-inch by 4-inch ribbons along each bank.

The simple slip-form shown in Photographs No. 72 and No. 73 was developed and
used on the gila p:?oject in Arizona for placing unreinforced concrete lining. Essentially,
It consists of two metal plate slip-forms separated by a concrete compartment open ond
the bottom over the canal subgrade. The forward slip~-form, shaped to fit the excavatzd
section, rides on the subgrade and is allowed to follow any irregularities in the subgrade
Surface. The rear slip-form is offset upward a distance equal to the thickness of the )
lining and rides on the surface of the concrete lining formed as the concrete in the cog1
Partment flows under the leading edge of the rear slip-form. The concrete is Vﬁ'g:ate "
by two gasoline-motor powered vibrators. (The vibrator shafts are shown in P OE;;'ap
No. 73 extending into the compartment from each side). Forward motion is by a ca e;f-
pillar tractor with a bar extension on one side to make the pull on the machine d_u'i':ac v
over the canal centerline. Such a rela(ively simple machine as this is only possible on
unreinforced eanal linings since reinforeing would prevent using a slip-form riding on
the subgrade of the canal. Details of this equipment are shown in Figure 5.

A slip-form very similar to the one described above as used on the Gila project was .

i j i i t is
Tecently developed and used by a contractor of Phoenix, Arizona. This equipmen
Smallezy thanethg Gila slip-forgn and differs in the design of the concrete compartment.
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Photographs No. 74 and No. 75 show the form in operation pulled by a bulldozer and a
top view of the concrete compartment. The openings in the bottom of the concrete com-
partment, instead of being continuous across the canal perimeter, are divided so th_at
the concrete is placed on the two side slopes simultaneously and just ahead of that in
the bottom. Concrete lining 1-1/2 inches thick is currently being placed with this slip-
form in farm ditches with 14-inch bottoms for about $1.30 per square yard. The speed
of placement appears to be limited as in the case of the Gila slip-form to the rate at
which concrete can be supplied. On the job near Phoenix, as much as 1.75 miles of

lining have been placed in'an 8-hour day. The lining so placed is of satisfactory finish
without additional hand work. .

The machine shown in Photograph No. 76 was built to place the lining on the Contra
Costa canal and operated in conjunction with the canal trimming machine shown in
Photograph No. 65. Concrete was dumped into the hoppers on top of the machine and
was fed to the concrete compartment along the leading edge of the slip-form by the con-
crete chutes indicated. The flow of concrete to the concrete compartments was controlled
by manually operated gates. This machine, like the trimming machine, was entirely
electrically operated from a 20-kw generator on a trajler. Similarly, easy adjustments
in bottom width were obtained by insertion of spacer sections in the frame, and adjust-
ments in depth were made by means of the hydraulic jacks and the reversible swivel
arms at each corner support. The manufacturer of these two machines has indicated
that it should be possible to mount these machines on treads instead of wheels.

It has been demonstrated in the past that asphaltic concrete can be satisfactorily
placed with a machine regularly used for placing portland cement concrete lining. How-
ever, a machine manufactured Ssﬁ?n

L cifically for placing asphaltic concrete was used on
the Pasco lateral system in Washington, and after considerable field alteration proved
very successful. This machine consisted essentially of a-forward sled or guide pan and
a strike-off and compaction section sep:

: arated by an open-bottom, asphaitic concrete dis-
tribution area. The guide pan, shaped to fit the ca.nal%ection, Ly

- carrd ;
unit and cable winch for providing forward motion. The inclin T oy SaSoling power

. ed, hinged wings, shown
in Photograph No. 77, were intended to trim off any imperfections in th ad -
face. The asphaltic concrete material was 'dumpeg dirgctly on fhsém e o the ope

) s e in the open
center section (Photograph No. 78) and was struck off to the proper uuggg;?pagil:ed th?gk-
ness by the strike-off blades forming the rear bulkhead for this open section. Hot irons
were hinged to the rear side of the strike-off blades, one on the bottom and one on each
side slope. These hot irons can be seen at the rear edge of the machine in Photograph
No. 79. I{I(‘)l;c}eeggguﬁi maciuﬁh employ_ed rollers jugt behind the hot irons to compact the
thlimne lgfzter wever, ause of the scuffing and marking of the lining surface by the rollers,

Both plastic soil-cement and portland cement linin
. ) s have be i

grggxelgti;dg;&giizcina, using the ;nach;ne shown in Photog%aphs Nosfgzp]éah%e%on Eahe%gfilla;
Ollahama :1, tg aeggth of plastic soil-cement was placed on the W. C. Austin project n
mental mainly becaﬁ]sres;mﬂart ma.rk?;‘iﬂtn?i}s??ai éae.tfgalms}a]ltgiioﬁ was unusual and experi-

e A 204 -scale ins i il- .
A lining machine designed specifically for placing this type Ofa%.l?l?n gf u?al.gsl?sce és’ogn girgent
effect on the cost of the Hnin nlllamrn}lm amoupt of mechanization angd to determine its
sisted of a forward sied, ox gﬁidTe eagmngi rﬁachm_e, Photographs Nos. 80 and 81, con-
provide forward moti pan, which carried the power unit and cable winch to

sect] S serimeter separated the £ m
traveling-plant ﬁi‘;‘}. Euﬁfgea‘;ear- This machine was operated in conjuggggidwsi%gdafro
picked up the soil materi alf used on highway construction. The traveling-plant mixer
the cement added mixelgllm rom 2 windrow which had been formed alor t%epbank with
to the mix compartment of ?hmahtneirnza_ls and delivered a continuous Strea%n of plastic mix
tion proviad \liery successful a.es far fsntf:lgg&gfngf satter moved forward, 'II‘)his opera”
ela Pl was c linin
cked adequate means of distpi uting the mix au:x?:)lscse ﬁ:dcggf%eﬁiet&i WhiC%l
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necessitated the use of hand labor, and, after the failure of the winch, it also lacked a
means of constant, uniform, forward locomotion. A maximum speed of 351 feet per
hour was attained for one an hour run.

Due to the standardization of equipment for shotcrete construction, the variations
in construction procedures have been confined {o the development of methods for dry-
mixing the sand and cement and to the design of hauling equipment for transporting the
shoterete machine and accessory units. On the smaller jobs where only one or two guns
have been employed, the usual practice has been to stockpile the aggregate at regular
intervals along the canal bank and mix the sand and cement in small concrete mixers.
On the larger projects and in particular where several guns have been used simultan-
eously, it has been found economical to batch and mix the sand and cement at a centrally
located plant. This eliminates the necessity of providing separate batching and mixing
equipment for each gun. :

On a number of shoterete installations the necessary equipment has been mounted
on conventional trailers as a single compact portable unit. Photograph No. 82 shows
such a unit which was used for lining the canals of the Gila project. The dry ingredients
were weight batched in a hopper suspended from a spring scale fastened to a trolley on
an overhead beam. The materials were dumped into the mixer Skip and raised to the
mixer, Subseguent to mixing, the materials were dumped into a rotary drum elevator and
lifted onto a2 1/2-inch screen from which they fell by gravity into the upper chamber of
the gun. (See Photograph No. 83.) The mizer, elevator, gun, and a waier supply tank
were mounted as a single unit on a trailer. A large truck furnished the motive power
for moving the unit and also transported the air compressor,
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_ Photograph No. 55
Rear view of converted Ruth Dredger with trimming blade
attached. Gila ProjJect, Arizona.

Photograph No. 56

Chattin Ditcher for excavating canals and laterals.



Photograph Nb.‘57

Canal excavator used by a canal lining ¢
ontract
Phoenix, Arizons. = o &t

Photograph No. 58

Self-propelled canal excavator--Excavated materisl
wag deposited on a transverse belt through center
of cutting wheel--Gila Project, Arizona.



Photogreph No. 59

Front view of machine shown in Photograph No. 58--
Note pendulum level indicator on conveyor belt
support at right.

Photograph No. 60

Machine used for trimming subgrade to line and grade
in preparation for placing of lining--Balmorhea
Project, Texas.



Photograph No. 61

View ghowing diagonal trimming blades on machine
shown in Photograph No. 60

Photograph No. 62

Rear view of trimming machine with trimmed subgrade
in foreground--Note rectangular plates on sprocket
chain at right which pushed loosened material onto
canal banks--Coachella Canal, California.



[ -

Photograph No. 63

Trimming machine employing revolving drum with
scarifler teeth to push material down slope into
path of elevator buckets--Yakima Project, Washington.

Photograph No. 64

Front view of trimming machine with bucket excavators--
All electrically operated with forward motion by means
of winches end cables shown--All-American Project,
Arizona.



Photograph No. 65

Relatively simple, all electrically operated trimming
machins with approximately 22 inches of adjustment in
depth and 12 inches adJustment in base width--Contra
Costa Canal, California.

Photograph No. 66

Method of securing adjustment in depth on trimming
machine shown in Photograph No. 65. Hydraulic jack
permite about 1 foot of adjustment and approximately
10 inches of additional adJustment can be obtalned by
revolving swivel arm about ite horizontal exisg--
Contra Costa Canal, Californila.



Photograph No. 67

Rear view of baslc framework of concrete canal lining
machine showing steel plate slip-form and open-bottom
concrete compartment at leading edge of slip-form.
Note wheel assembly Just forward of lining machine--
Yakima Project, Washington.

Photograph No. 68

All electrically operated lining machlne with
conveyor belt for delivering concrete mix to
aistribution car--Coachella Canal, Californila.



Photograph No. 69

Method of maintaining reinforcement in center of
concrete slab placed by lining machine--Pipe under
reinforcement at leading edge of concrete compartment
ralgses reinforcement to proper height--Rod in fore-
ground prevents plpe moving back under mechine--
Coachella Canal, Californie.

Photograph No. 70

Simple concrete canal lining machine--Balmorhea
Project, Texas.
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Photograph No. 71

View looking down into concrete compartment of
machine shown in Photograph No. 70--Balmorhes
Prolect, Texas.

Photograph No. 72

Rear view of slip-form machine for placing unreinforced
concrete lining--Forward motion by tractor in back-
ground--Gila Project, Arizona.



Photograph No. (3

Front view of machine shown in Photograph No. 72
showing forward slip-form which rides on trimmed
subgrade- Glla-ProjJect, Arizona.

L721a-79

Photograph No. Tk Photograph No. 75
Top view of Fullerform showing concrete Rear view of Fullerform in

Compartment. operation.



Photograph No. 76

Concrete lining machine used in conjunction with
trimmer shown in Photograph No. 65. Both machines
have a similar arrangement for adjustment in canal
base width and depth--Contra Costa Canal, California.

Photograph No. 77

Front view of Ekenstam Canal Paver for placing
asphaltic concrete lining--Finished lining in back-
ground--Forward pan rides on trimmed subgrade and
supports gasoline-motor-driven winch--Pasco Pump

Laterals, Washington.
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Photograph No. 78

Looking down into asphalt distribution area, of
asphaltic concrete lining machine, strike-off blade
to rear--Pasco Pump Laterals, Washington.

Photograph No. 79

Rear view of asphaltic concrete lining machine showing
method of weighting the machine to secure compaction
and hot irons at rear edge of machine for compacting
and finishing lining--Pasco Punp Laterals, Washlngton.



Photograph No. 80

View looking down at lining machine for placing soil
cement lining showing forward guide pan with winch

and motor to left, mix compartment and rear slip form--
W. C. Austin Project, Oklahoma.

Photograph No. 81

Placing soil cement lining with Barber-Greene traveling-
plant mixer and lining machine shown in Photograph
No. 80--W. C. Austin Project, Oklahoma.



Photograph No. 82

Mobile equipment for placing shotcrete lining--From
left to right: Dbatching equipment on overhead rail,
mixer, elevator drum, "gun,” water tank, and truck
with compressor--Gila Project, Arizona.

Photograph No. 83

n 1"
Clogeup of elevator drum, screens, and "gun" with
equipment in Photograph No. 82--Gila Project, Arizona.



DESIGN OF LINED CANAL SECTIONS

The capacity required of a canal is usually determined by the acreage of land to be
served, duty of water during periods of maximum demand, and the anticipated trans-
mission losses. Often the canal gradient will be fixed by topographic conditions or by a
requirement for maintaining a certain elevation at the lower end so as to irrigate the
required acreage. The design of a canal {o fulfill these requirements will consist essen-
tially of a selection of the type of cross-section, amount of freeboard, height and top
width of the bank, and a determination of the required dimensions of the cross-section.
No rigid rule can be established to govern the decision in regard to the above factors,
and the experience and judgment of the designer must be relied upon to a large extent
for an adequate solution.

TYPES OF CROSS-SECTION

The choice of type of cross-section should be based on a consideration of the
comparative economy, practicability, and efficiency of the various possible types of
cross-sections and of the purpose and location of the canal. The capacity of a canal of
a given cross-sectional area depends upon the velocity of the water. The velocity is in
turn dependent upon, and varies with, the square root of the hydraulic radius which is
the ratio of the cross-sectional area to the wetted perimeter, Thus the hydraulic radius,
and the velocity and capacity vary inversely with the wetted perimeter, and, for a given
cross-sectional area, the section having the smallest wetted perimeter will have the
greatest capacity. From this analysis, a semicircular section is the most efficient. This
type of section has had considerable use in the lower Rio Grande Valley of T'exas where
the type of soil is favorable to its use and where shotcrete and brick are the most common
lining materials., Elsewhere, its use has been rather limited because of several inherent
disadvantages, In the first place, the sides of a canal can only be as steep as the natural
angle of repose of the earth, and few soils will stand unsupported on the steep side slopes
required for a semicircular section. Another disadvantage is that with the exception of
brick, pneumatically-applied mortar and masonry, the lining materials cannot be placed
without the use of costly forms. In addition, the lining on the almost vertical sides of a
s;mlicircular canal offers little resistance to unbalanced, overturning pressures behind
the lining,

The next most efficient and yet practical type of cross-section is one with straight
sides which are tangent to a circular bottom of a radius equal to the depth of water, The
decrease in efficiency of this section as compared to the semicircular section depends
upon the slope of the straight sides--the flatter the slope, the lower the efficiency. In
any event, the slope should never be greater than the_apgle of repose of the earth nor
such as to necessitate the use of forms to place the lining.

A majority of the lined canals in service today are of a trapezoidal cross-section,
The princhpals;eason for this is.the relative ease of shaping the subgrade and of con-
structing the lining with straight surfaces as comgared to the curved surfaces in a semi-
circular or circular-bottom section. The trapezoidal section which has the greatest
efficiency for a given cross-sectional area, grade and side slope is one in which the
hydraulic radius is equal to one-half the depth or in which b/d =2 tan 8/2 where 6, b,
and d are the angle of the side slopes with the horizontal, the base width and the depth{,1
respectively. For the maximum éfficiency with this ratio, the slope of the sides ShOiitl
be 0.578:1. However, this resulis in a deep, narrow section with excessively steep st opes
and for this reason it is usually modified to result in a shallower section with less steep

sides,

i i i i hat poorer
As compared to a circular-bottom section, a trapez_md_a.} section has somew

hydraulic px?operties but the difference is not of great significance. For }rzstance,1 a
conerete-lined canal with a 6-foot bottom radius, a depth of 6 feet, 1-1/2:1 side slopes
and a gradient of 0.0008 would have a capacity of 471 cfs and a wetted perimeter of 25.06
feet. A trapezoidal section of the same water area angl gradient but having an ual.wéegage
b/d ratio for canals of this capacity, as presently designed by the Bureau, wo ?zl,:.l a
capacity of 466 cfs and a wetted perimeter of 25.53 feet. Thus the use of a trapezo
section would result in an increase in lining area of only 1.9 percent and a slightly smaller
capacity. In view of these slight differences and of the considerable importance of the
standardization of canal sections as far as practicable to encourage the development of
lining equipment, it is believed to be advantageous to continue designing lined canals with
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a trapezoidal cross-section. The widespread adoption of a sta.r_xdard circular-bottom )
section would be difficult to achieve because of its limited use in the past and the diffi-
culty of adapting such a section to present standard canal structures.

The selection of the ratio of base width to the depth of water in a trapezoidal canal
depends to a great extent on the location and purpose of the canal. The latter may be
either a diversion canal or a distributary lateral., Diversion canals are usually located
on side hills where a relatively deep canal not only permits the use of a smaller section
with its better hydraulic properties but also results in considerably less excavation for
a given eross-sectional area,

A lateral canal is usually located in comparatively level terrain and, in this case
also, a deeper Section, because of its greater hydraulic efficiency, would require a
smaller cross-section with less wetted perimeter and less lining area. Furthermore,

i{f the water area were all in cut, it would result in less excavation, However, it is
usually important to maintain the water level in these laterals at a sufficient height above
the ground surface to permit the diversion of water to the land adjacent to the canal and,
for this reason, the entire water area cannot be below the ground surface, Therefore,
laterals are normally designed for a balanced cut-and-fill wherever practicable. Under
these conditions, the volume of excavation required is practically independent of the ratio
of the base width to the depth., Similarly, the height of water above the ground surface is
nearly constant for all sections of a given cross-sectional area, but the volume of water
above the natural ground surface will be considerably increased in the shallower canals.
Also, a fluctuation in the volume of water carried by the canal will produce a smaller
change in water depth in a shallow section, This latter factor may be important as it
facilitates diversion and regulation of flow and also offers more protection against over-
topping of the banks due to the entrance of unanticipated storm or drain water. A shallow
section, though, has drawbacks in that it requires a greater width of right-of-way and
results in an increased area of lining.

Because of the many variable factors involved in the design of a canal cross-section,
the selection of the proper relation of base width to depth will depend largely upon the
judgment of the designer. But as a guide in this problem, the base width and depth of a
large number of lined canals designed by the Bureau of Reclamation were plotted in rela-

tion to the capacity of the canals, Figure 6 was prepared to indicate the average base
width and depth for various canal capacities. >

PROPOSED STANDARDIZ ATION

With the increasing mechanization of canal-lining construction. i i
evident that If maximum economy and benefits are togbe achievec(i)%’ s ecome Dy

. th i
mechanized equipment, the canal cross-sections must be stmdudiged eéc? eg?lggn;ggég_
cable. Some equipment manufacturers have evidenced a willingness to specialize in the

manufacture of such equipment for rental or sale to contractor indi

that the development of equipment with sufficient adjaStment to. Aems iy ho the Javge
variations that have been incorporated in past design is Impractical. The large invest-
ment required to design and construct such equipment necessitates some assurance that
the equipment can be made so as to be usable on future construction Universal stand-
ardization of canal cross-section would provide this assurance and would offer consid-
erable encouragement to equipment development. © nst

The desirability of standardizing lined canal sections hasg i
Bureau of Reclamation for a number of years. This problem }113:: g:ﬁ;gggegogiggrable
study in the design and field offices, and as a result standard sections for the smaller
SEadariization of Cansl Sochons i Pyl 5, oIt at the need and possible benefits of
: Uons is greatest in these s i

larger canals is usually an individual problem with thené?ﬁfgn?nﬁgngigesdei ﬁl of tl;e -
section being dependent upon local conditions such as topograph b ns ol he CrosSs
construction problems, ete. For this re : graphy, subgrade materials,

canals and laterals not exceeding 6 feet ;f%gstin;%tskﬁussmn will be confined to the small

It should be recognized in a discussion of the ;
dgveloped should have wide application and must, Etll‘g?éfe:xl'et,h%g ?diﬁﬁaaﬁﬁaﬁi:rﬁi?oiﬁe
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in _hyc}rauljc design, types of lining materials, and special field conditi i

principal _obgectlve is to establish uniform design pr%ctices which ﬁﬁ%ﬁiﬁltsﬁcleo&zer
construction costs, the standardization must also offer full opportunity for the most
aconomical and competitive use of available lining materials, methods and equipment
. As a consequence of using standard sections, the size of the lined canal will usually be
sggli?gvaliat% «laafng::e;g?‘;hgg :tcguallty ﬁgguired.f T}ierefore, if standardization is to be eco-

i ue to the use o i
lower unit costs of construction, " Temger size of canal must be offset by

A review of current canal lining design practice shows that the Bureau of Recl i
has, W1_th the exception of a few unusual cases, specified trapezoidal lined canals ir??h%tmn
base widths between 2 feet and 6 feet with even increments of change of base width of 1
foot. In the hydraulic design, an ‘‘n’’ factor in Kntter’s formula of 0.015 for pneumatically-
applied mortar, 0.015 for asphaltic concrete, and 0,014 for conerete has customarily been
used. Side. slopes have been either 1-1/2:) or 1-1/4:1, From a standpoint of construction
there are objections to the 1-~1/4:1 slope in that certain sandy soils are not stable for
lining on a slope steeper than 1-1/2:1 and some lining materials cannot be satisfactorily
plac_:ed on 1-1/4:1 slopes. _Due {o the improved hydraulic properties, though, there is a
saving of about 6 percent in the area of lining required if these sections are designed
with 1-1 /4:1 side slopes instead of 1-1/2:1. It is questicnable, however, if this slight
reduction in area of lining would constitute any noticeable cost reduction for a lining proj-
ect. The theoretical economy of 1-1/4:1 side slopes is probably not sufficient to justify
establishing standards for this slope in addition tothose required for 1-1/2:r. The Bureau
is therefore considering the use of 1-1/2:1 as the standard side slope for the sizes of
canals under consideration. .

' The proposed standard sections for canals of this size are shown in Figure 7. The
2~, 3-, and 4~foot base width canals have been provided with a variation in depth of 1 foot
and the 5~ and 6~foot base width canals with a variation of 1.20 feet to cover the entire

range of flow for canals of these sizes, The average ratio of base width to depth for each
base width canal approximates average Bureau practice since the limits were determined
from previous canal design. Thea slopes or canal gradients cover the usual range encoun-

fered in canal design,

The possibilities of eliminating one or more of the base widths shown in Figure 7 were
carefully investigated. To do so would require a considerably increased variation in depth
for each of the remaining sections and would result in canal depths and capacities above
the average of present design practices. The elimination of any one of these base widths
would probably not resulf in benefits of any consequence.

Since the depth for each base width of canal as shown in Figure 7 varies through a
minimum range of 1 foot, it is not economically practicable to establish one depth for
each base width as this would result in an excessive amount of freeboard on the average
canal. If equipment can be provided with sufficient adjustment in depth of lining to accom-
modate the above variations in depth, it would permit the consiruction of the minimum size
of canal cross-section to satisfy the hydraulic requirements., One equipment manufacturer
has developed what appears to be a relatively simple method of providing over 1.5 feet of
adjustment in depth in a small lining machine, while another manufacturer has stated that
equipment with the required adjustment appears to be commercially unsound. Until con~
clusions on this point can be reached, the standardization, so far as the depths for each
base width of canal are concerned, cannot be definitely established.

On the assumption that it may prove economically impractical to manufacture equip-
ment with adjustment to accommodate the entire variation in depth jor each base width,
it was considered advisable to provide additional standard depth for each base width of
canal. In order to minimize the amount of excess freeboard that would result from use
of these standard sections for the average canal and yet reduce to a minimum the number
of different sections, it was decided that providing three intermediate depths of section

i d most satisfactorily meet these requirements, As shown in
o e D O o Tive ogzs for each base width of canal with 0.25-foot

i 7, this results in five different secti
:i[:r‘llggglez;t of change in depth for the 2-, 3-, 4-foot base width and 0.30-foot for the 5- and

6-foot base width,

An economic study was made to determine th
lined canals that would result from the adoption of the stand

e increase in the cost of construction of
ard sections. The standard
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sections indicated in Figure 7 were substituted for actual Qe_sigr} sec’nqns specified for
lined canals in several recent Bureau of Reclamation specifications using the same canal
gradients. The resultant increase in area of trimming and lining and increased cost of
construction using bid prices for the actual work was determined.

The coefficient *n,”” as used in Kutter’s formula for determining flow, will vary from
.014 to .016 for materials now commonly employed for lining. It is not planned to alter
the range of depths as shown in Figure 7 for this variation; instead, the same ranges will
be applied to charts plotted for the different “‘n’’ factors. This will not affect the sizes
of the canals blét will be reflected in a variation in carrying capacity dependent upon the -
“n*’ factor used. ‘

The provision of a rounded intersection between the side slopes and the base slab
appears to be a desirable feature which could be provided in the standard designs.
Since asphaltic concrete linings are usually rounded to an 18-inch radius at this inter-
section, it would appear reasonable to establish this radius for all standard sections.
The effect of this rounded intersection upon the computed hydraulic properties of the
trapezoidal section is of negligible importance.

In the design of the upper edge of the lining side slope, it is contemplated that either
a 4-inch berm extended horizontally from the top of the lining and of the same thickness
as the lining or a thickened lining section in the upper 12 inches of the side slope will be
used. ‘Since the 4-inch berm will apply to concrete, pneumatically-applied mortar linings
and soil-cement linjngs, and the thickened edge construction to asphaltic concrete linings,
it is not considered that this variation will offer any important problem.

Summarizing the foregoing, it appears that the proposed design standards should
provide for 2-, 3-, 4-, 5-, and 6-foot base width canals with 1-1/2:1 side slopes and

limiting depths of flow as indicated by Figure 7. The intersection of the side slopes and
base will be rounded on an 18-inch radius,

As a result of substituting standard sections as described above for the designed
sections of concrete lining provided for the Clayton canal, California, it was fou.ngcll1 that
on the basis of a 2-inch concrete lining for an additional 124 cubic yards of concrete

lining and 2,228 square yards of suberade tri i -
Lining and 2 ’increa.se amyo s of sut 5g imming results from the adoption of stand

x percent of the specification quantities. The low
E1d of $36.00 per cubic gard for conerete and $O.65.p%r square y;..rgrflglgl ?fimgling ?vould
f.vedto ge reduced to $33.24 and $0,60, respectively, to make the costs of constructing
f,_ a.nda.r tsiechons equal the costs of the sections as provided in the specifications. The
4mfe tsgc ons prowde@ in the specification require three different depth sections in the
f- oot aste_ and four different depth_ sections’in the 3-foot base, for a total of seven dif-

deer?:g se%i 1ons..t1;I‘he standard sections require three depths in the 3-foot base and one

d p iﬁsecﬁon with a 2-foot base. Summarizing, the seven canal sections required by the
pecliications could be replaced by four standard canal sections with an increase of 8.30

percent in the square yard area of lining, - .

el

. .69, respecti ted
Site Slopes, Whorens e meaiio C12Yion Ganals the Speciications provide for 1-1/41.
side slopes, s which are substituted are designed with 1-1/2:1

To compare the use of stand, i 3 :
slopes, a study was made of the :fzgcﬁi%téfi%i;n féi‘ego()f Cesiened sections with 1-1/2:1

B laterals of the Yuma Mesa nerete lining on B canal and A and

28 different depths of canal in avaiézﬁto{)a?slelaw?ggﬁ?%’ Arizona, The specifications required

? - 1 0 diff i -

‘g;&g:‘:eﬁ?% gpfhlif%etl;f dgpfths In a 4~foot base width, In ad%g?:{llrﬁgdgggga?dasgcf?grfsba;cshi‘ee
depth in the 4-foot base width s 'ri?ugrilcilfeﬁnt depths in the 3-foot base width, and one
replace 51 sections required under the spei:if' th}s manner, 8 standard canal sections

standard sections is inereased 3.2 percent over the specﬁicsfiii zgzntige; equired for e
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A similar study was made of another specification for concrete lining of the A and B
canals and laterals on the Yuma Mesa division of the Gila project. The specification
requires 17 different depths of 5-foot base width canal on 1-1/2:1 side slopes, The stand-
ards require two depths in a 4-foot base width, three depths in the 5-foot base width, and
three depths in the 6-foot base, A total 0f-8 standard sections are therefore required to
replace 17 sections required in the specifications. The area of lining required is increased
by 2.08 percent through use of the standard sections, ‘

In reviewing the examples which have been discussed, it will be noted that the use of
standard sections with 1-1/2:1 side slopes, when used to replace designed sections with
1-1/4:1 slopes, will result in a total increase of 8-1/2 percent in the area of lining
required. Since detailed comparisons indicate that about a 6-percent increase in area
can be atiributed to the conversion from 1-1/4:1 slopes to 1-1/2:1 slopes; the balance or
only 2-1/2-percent increase should be attributed to the increased freeboard which resutts
from using standard depths. In those examples where the specifications provided sections
with 1-1/2:1 slopes, the total increase in area of lining from standardization averaged
about 2-1/2 percent.

In considering the foregoing substitution of standard sections for design sections, it
should be noted that the canal gradients provided in the specifications did not permit the
most efficient use of the standard sections. If in the original layout of these lined canal
systems use could have been made of Figure 7, adjusiment in canal gradients could prob-
ably have been made to provide more efficient use of the standard sections. With this
further factor to be considered, it appears that any increased area of lining as a result of
using the proposed standards will be of very small consideration.

FREEBOARD, TOP WIDTH AND BERM

The height of lining above the water surface in lined canals will depend upon a number
of factors, such as size of canal, velocity of water, curvature of alinement, probability
and amount of storm or drain water entering the canal, fluctuation in water level due to
operation of checks and turnouts, and on wind action. In a somewhat similar manner, the
height -of bank above the water surface will vary with size and location of canal, type of
soil, amount of intercepted storm or drain water, ete. Figure 8 indicates the average
freeboard and average height of banks in relation to capacities for lined canals designed
by the Bureau of Reclamation. .

The top width of banks varies from 2 to 16 feet, depending primarily on the size of the
canal. If the top of the bank is to serve as a roadway, the width should not be less than 12
feet, Below is shown a table of recommended minimum top widths for small canals where
the bank is not to serve as a road: ‘

Capacity (cfs) Width of bank

1-9 2 feet to 3 feet
10-24 ) 3 feet to 4 feet
25-49 4 feet to 5 feet
50-99 5 feet to 6 feet
100-200 ) 6 feet to T feet
200-400 7 feet to 8 feet
400-800 © 8 feet to O feet

The usual practice of the Bureau of Reclamation is to provide a berm along each bank
at the top of the lining, The purpose of this berm is to provide a space for the operation
of construction equipment such as lining and trimming machines, to receive the material
which may wash or slide down from the banks above, and to facilitate maintenance oper-
ation, The width will vary from about 2 to 6 feet, depending, of course, on the size of canal,
but being determined primarily by the space required for the operation of construction
equipment. In some cases; this berm is backfilled to a slope of about 4:1 subsequent to
the placing of the lining, This serves to drain intercepted water into the canal and to pre-
vent its entering the subgrade behind the lining and causing serious hydrostatic pressures.
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SUBGRADE PREPARATION

A primary prerequisite to the success of any oi_the rigid types of canal linings is a
firm foundation which will eliminate, as far as possible, the danger of craclglpg or fail-
ure due to settlement of the subgrade, The more or less flexible types of lining, such as
earth or asphalt, have a tendency to conform to reasonable settle_ment w1tho_ut_ fa.ll'ure, and
the subgrade need be only firm enough to permit proper compaction of the l'm.mg 1t.se]f.
Usually undisturbed soils are satisfactory for a foundation for any type of lining without
_ further treatment, but all fill material which will support the lining should be compacted
prior to trimming and placing operations. Natural in-place soils of low density should be
thoroughly compacted or removed.

It is the practice of the Bureau of Reclamation to'specify that the embankment support-
ing the lining be constructed of well-compacted materials. These specifications require
that after the top soil has been strioned, the entire surface for the embankment shall be
plowed thoroughly to a depth of not less than 6 inches, moistened and compacted,  The -
embankment materials shall be placed at a specified moisture content and compacted to a
specified density in layers not more than 6 inches thick. The dry density of the soil frac-
tion in the compacted material shall not be less than 85 percent of the laboratory maximum
dry-soil density as determined by the Bureau of Reclamation compaction tests, and at a
moisture content suitable for achieving this density. The material when distributed and
compacted shall be homogeneous and free of lenses and pockets, The top width of the com-
pacted embankment varies with size and location of canal, type of lining, and other perti-

"nent factors, but is usually 2 to 4 feet for canals up to 300 cfs.and 6 to 12 feet for larger
canals. The outside slope of compacted embankment is normally specified as 1-1/2:1.
The compaction of loose soil in cut sections or of soils replacing unsuitable subgrade

materials should meet the same requirements for density as those specified for compacted
embankment.

When partial backfilling of an existing canal is necessary to reduce the cross-sectional
area to that required for a lined canal, the puddling or ponding method has been found to be
a satisfactory method of compacting most soils. Subsequent to backfilling, the canal section
is rough trimmed to the approximate dimensions required for the lined canal, making due
allowances for the settlement of the fill, The canal is slowly filled using temporary earth
dams to check the water to the proper height, and allowed to stand for at least 24 hours

before being drained. When the subgrade has become sufficiently dr ion is fi
trimmed and lining is installed. gr y dry, the section is fine

' Since most canal linings are installed to prevent seepage, the subgrade is usuall
relatively free draining. Occasionally, however, it may be necessarygt% employ Iinigg in
areas which are subject to seasonal high ground-water level. During periods of operation
when the canal is empty or when the water level in the canal is relatively low, the high
ground-water table may result in unbalanced hydrostatic back-pressures on the lining
which may be, and often are, sufficient to damage the lining by flotation. A similar situation
may occur in areas where the canal is lined for reasons other than to prevent seepage and
where the soil is sufficiently water-tight to prevent the free drainage of the leakage from
the canal. The accumulation of the water in the soil surroun

: ding the canal ult in a
;ocal high ground-water table which, during a period of rapid drgawdown of trl?: %rgi?esr level
in the canal, may produce damaging hydrostatic back-pressures. In regions subject to

freezing temperatures, the canal lining may also be se f
resultant heaving of th:e saturated subgradest Where t erely damaged by the freezing and

; VL] A hese conditi
* pertain, artificial drainage of the subgrade should be providecl.1 “ons can be expected to

As an illustration of the damaging effect of hydrostati - ‘
Water Company’s canal near Corona, Califc';rn;ia,y S arx foeasuzes; the Temesezl

T : C was origi i i ~i -
ter lining which failed becauge of flotation by water presglznrgl%)yél}xggdﬂg%n?nzﬂ 'Il'gghtirxfnas
lining was replaced with a 4-inch unreinforced concrete lining but some damaée has been
sustained by the heamer.hnmg from the same cause. Similar damage was caused to the
Santlago canal of the Irvine Company, Tustin, California, by storm water entering'behind
he lining. In one instance, a 1,000-foot section of the lining was destroyed.

The field reports from Re

ion 1 ifi b i
evidence of the damage that may remult foe s acific Northwest, contained considerable

ay result from a sat i
reports that the 3-inch unreinforced concrete lianl.nurated e pradn, & Yis-istad u fhose

lateral of the Yakima project was severel g Sectlon of the Snipes Mountain
ing from percolating water from an 1rr1£e y damaged by hydrostatic back-pressures result-

i e fre gated tract above the canal,
84.) Another section of this lining which had been installed in 19% w(as.: %fxixlg{ggl?rph o
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Photograph No. 84

Concrete lining severely damaged by hydrostatic
back-pressure--Snipes Mountain Lateral --Yakims ProJject.

Photograph No. 85

Demage to concrete lining by frost heaving of' saturated
subgrade--Okanogan Project, Washington.



destroyed in the same manner and was replaced in 1940 with a 4-inch reinforced concrete
lining which was provided with weepholes and underdrains. It was reported that this
appears 1o be an adequate design. In a section of the QOkanogan project main canal at mile
0.2 where the subgrade was saturated by water from a pond above the canal, the lining was
badly damaged by heaving of the subgrade from frost action. (See Photograph No. 855 In
these reporis it was stated that frost heave is probably the greatest cause of destruction
of linings in climates such as are experienced in Region 1. '

The artificial drainage provided in areas whére these conditions exist usually consists
of 4~ or B-inch tile placed in gravel-filled trenches along one or both toes of the inside
slopes. These longitudinal drains are either connected to transverse cross-drains which
discharge the water below the canal or extend through the lining and connect to outlet boxes
on the floor of the canal. The outlet boxes are equipped with one-way flap-valves which
auic;ingtically relieve pressure greater than the water pressure on the upper surface of the
canal base.

CONSTRUCTICN TOLERANCES

One of the purposes of the specifications and drawings which become an integral part
of a construction contract is to insure that the structure will be completed in the most
economical manner consistent with the purpose, safety, serviceability, durability, and
appearance of the struciure. Yet the fotal cost is affected to an appreciable extent by the
rigidity of the specification requirements just as it is by the dimensions of the component
parts of the structure as specified on the drawings. Therefore, the results achieved by
each specification requirement should be carefully balanced against the resultant increase
in construction costs, All unnecessary requirements and refinements should be eliminated.

The Bureau recognizes the desirability and practicability of relaxing the requirements

for alinement, grade and surface finish in the construction of lined canals in the interest
of securing lower-cost canal lining. This relaxation can be achieved at very little or no
sacrifice in the durability and serviceability of the lining and probably will result in appre-
ciable lowering of construction costs by the elimination of requirements for a comparatively
high degree of workmanship where such is not essential. In addition, the relaxatjon of
Specification requirements should be an encouragement to the development of relatively
simple, inexpensive construction equipment. In the past, the specifications for the t_rlmmmg
of the subgrade and the placing and finishing of the lining have usually been so exacting as
to almost necessitate the use of relatively complicated equipment operated on tracis along

- €ach cana) bank and maintained in correct position by means of a taut guide wire, Larger
construction tolerances would probably permit the more economical design and use of
mechanized equipment.

The principal elements in lined canal construction for which a modification of
specification requirements would achieve the greatest x:eductlon in costs are preparation
of the subgrade, placing the lining, and finishing the lining surface. In regard to the pre-
paration of the subgrade, wider tolerances for alinement and grade are probably the most
important modifications. In recognition of this fact, the Bureau of Reclamation has recently
adopted specification requirements which permit a 4-inch departure from established line
and a 1-inch departure from established grade. For the smaller canals and laterals these
tolerances could possibly be increased somewhat to provide all the latitude necessary to
secure the full benefit of reduction in costs possible by relaxation of requirements for line

and grade,

Additional eéconomy should result from lower requirements for compacted embankment.
Where compaction is necessary, it is probable that something less than 95 percent of
laboratory maximum soil density is adequate to support any lining since unit loads are low,
being about 3 pounds per square inch for canals having a water depth of 7 feet. In fact, for
the smaller canals and laterals, the compaction resulting from the operation of construction
equipment may be sufficient if care is exercised in securing the maximum, uniformly dis-
tributed, rolling effect of such equipment and if the soil is damp. Where soil conditions
are favorable, the ponding or puddling method of subgrade compaction as described under
Subgrade Preparation may be satisfactory and economical.
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It is anticipated that the furtherance of equipment development anq considerable ]
economy in the placing of the lining can be achieved by permitting a wider tolerance in
lining thickness with a specified minimum thickness based on area of lining and yardage
of concrete placed. Such tolerances would permit the contractor to Welg}l the cost of extra
concrete for a thicker lining against the additional equipment costs required to provide and
operate equipment capable of placing a uniform slab of the minimum thickness.

Finishing requirements also can be relaxed considerably to reduce the amount of
expensive hand-labor required for this operation. For concrete linings, when a uniform,
well-filled slab emerges from the slip-form, little or no finishing work may be necessary.
Bureau of Reclamation requirements are that the finished surface shall he equivalent in
evenness, smoothness, and freedom from rock pockets and surface voids to that obtainable
by the effective use of a long-handled steel trowel. Light surface pitting and light trowel
marks will not be considered objectionable. Where the surface produced by the machine
fulfills these requirements no further hand-finishing is necessary.

Where it is necessary to use a float on hand-placed work or elsewhere, the floated
surface need receive only one or two passes of a long-handled steel trowel. It should be
possible on most hand-placed work to screed the concrete to the proper thickness so as to
leave a surface suificiently smooth that a satisfactory finish can be obtained with about
two up-slove passes of the steel trowel. This is the procedure followed by the Turlock and
other Central Valley irrigation districts in finishing hand-placed concrete linings and has

proven satisfactory. Similar relaxed finishing requirements should be utilized for other
types of lining to achieve the maximum economy,
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GENERAL ECONOMICS OF CANAL LINING

The economic justification for the construction of ecanal lining depends upon the
estimated value of the benefits which can be expected to acerue as compared to the esti-
mated cost of construction. Since the reduction of seepage from a canal is usually the
basic reason for considering the construction of a lining, a most important factor in the
economic analysis is a study to determine the quantity and value of the water which can
be saved, together with an analysis of the damage or added costs to the project if the water
is allowed to escape. Other benefits, such as reduced costs of operation and maintenance,
improved canal hydraulic properties, and more efficient operation, must also be considered,
when applicable to the study. The relation of the many factors involved and an accurate
detgnzl'mination of their importance and value presents an interestiing, although complicated,
problem.

Normally, the amount of money that can justifiably be spent for canal lining will be
determined by the conditions on the project for which the lining is intended, However, in
some cases, the water conserved by the lining will be available for use on adjacent projects
and the justification for lining may be extended to evaluate the benefits of an increased,
supply of water for adjacent lands.

~ VALUE OF WATER LOST

Since the amount of seepage and the unit value of the seeped water are of primary
importance, a measurement or estimate of the amount of seepage must be made before the
need for lining can be definitely ascertained. The amount of seepage that can be tolerated
before it becomes economical to install a lining will vary with individual project consid-
erations. Therefore, it is essential that accurate measurements be made on existing proj-
ects and close estimates based on field tests be made on proposed projects for consideration
in determining the economic practicability of a lining program.

In congidering the amount of seepage, it is necessary to-differentiate between seeped
water that is irrecoverable and seeped water which is recovered as return flow in a canal
or lateral at a lower elevation or in the parent stream for rediversion and use on the same
project. .The irrecoverable water is a total loss and is a strong recommendation for lining;
whereas the recoverable water which is picked up as return flow can be placed to a bene-
ficial use and, unless it causes or aggravates drainage difficulties, it does not off.er a sub-
stantial justification for lining. If the water, after it has been used a number of times, as
on the Shoshone project where it is estimated that some of the water is reused four times,
deteriorates in quality by the pickup of salts until it is unfit for agricultural use, it becomes
a definite loss just as is the irrecoverable seepage.

In a few irrigated areas, important use is made of the groundwater in providing an
additional or supplementary supply of water for irrigation. In these areas, a replenish-
ment of this underground storage is essential. Therefore, the escape from unlined canals
of water which contributes to the groundwater supply does not constitute an irrecoverable
loss. It may, however, be of concern in project operations in that it may constitute a loss

of revenue from canal deliveries,

The determination of the value of water which escapes from a canal_by seepage is a
most difficult problem. The first consideration is the benei1c1a.l use wm.ch could pave been
made of the water had it been retained in the canal system. This analysis must give con-
sideration to the ratio of irrigable lands to available water supply and the acre value of the
crops produced. The per acre assessment for the project is not usually a fair determin-
ation of the value of the water since this cost reflects the expense of construction, operation,
and maintenance which are not necessarily indicative of, or related to, the Water supply or
income from farming operations. Obviously, these variable factors necessitate an individ-
ual determination for each project to estimate the value of the water which can be saved

from seepage.

An indirect approach to the determination of the value of water lost in seepage may be
undertaken througl?a study of the repayment ability of the project. This analysis is pre-
dicated on the assumption that the maximum value of the water lost in seepage will be equal
to the maximum additional charge that can be levied to prevent its loss. As a general rule,
the maximum annual charge that a water user can pay for the annual cost of copstruction,.
drainage, operation, and maintenance is that which will permit the user to realize a
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reasonable return on his investment over a period of years. This maximum annual charge
will vary with the projects depending upon climatic conditions, acre value of crops, cost _
of production, etc. Therefore, the amount which can be ]ustz_fled for expenditure for canal
lining divided by the repayment period in years will be the difference between the above
maximum annual charge which the water user can pay with the lining installed and the
existing annual charges for construction plus anticipated annual charges for operation,
maintenance, and drainage. This permissible charge for canal lining can only be deter-
mined by a thorough study of a project’s repayment ability.

The installation of canal lining need not in all cases necessitate the levying of increased
charges against the water users of the project, If there is an area of land which can be
brought under cultivation with the water saved by the lining, the cost of the lining could
possibly be borne by the newly developed acreage with little or no Increase in charge to the
original water users. In other cases, the savings in the cost of providing drainage, bene-
fits of reclaiming waterlogged land and savings in operation and maintenance. costs may
possibly equal the cost of the lining.

DRAINAGE PROBLEMS

Few irrigated farming areas have favorable underground geological conditions which
make artificial drainage unnecessary. The extent of the influence of canal seepage on the
drainage problem is debatable and difficult to determine in most cases. The efiects of
canal seepage are most noticeable where land adjacent to the canal has been reduced to a
virtual swamp and rendered worthless, Ths monetary loss from this waterlogged land or

the cost of drainage to remedy the situation is directly chargeable to canal seepage and,
as such, is justification for canal lining.

It was reported that operating personnel of the Goshen irrigation district of the North
Platte project, Wyoming, believed that the lining of 6,310 feet of Lateral 50.9 with a 4~inch
reinforced concrete lining would pay for itself in 12 years because, in addition to saving
200 acre-feet of water annually and reducing the cost of operation and maintenance $40
per year for this section of canal, it reclaimed 45 acres of land which each year became
too waterlogged to farm. A similar lining in 2,360 feet of Lateral 10.1 on the same district
resulied in reclaiming 15 acres of land and partially reclaiming a larger area. A 4-inch
reinforced concrete lining in 10,000 feet of Lateral 24 and a short section of another canal

on the Pathfinder irrigation district of the North Platte project restored 40 acres of seeped
land to agricultural use.

The effects of seepage are not always readily evident. The seeping water from the
canals on h_1gher grounds often disappears into a pervious underground stratum to reappear
in a low-lying area at some distance from the canal. In this case, waterlogged land will be
the result of both canal seepage and deep percolation from irrigation operations on higher
terrain. The part that is due to canal seepage can only be estimated. It is doubtful, in
such instances, if lining the canal to prevent seepage losses would eliminate the condition

but it would certainly reduce the extent and cost of operation and maintenance of the drain-
age system.
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OPERATION AND MAINTENANCE

Many of the existing irrigation projects are favored with a sufficiency of water and
unless there is a serious drainage problem or frequent canal failures there is little inter-
est on the part of water users-in the conservation of water or prevention of seepage losses
by canal lining. One of the most obvious and tangible results of a properly designed and
constructed lined canal, even on projects having a sufficiency of water, is the saving in
operation and maintenance costs for the irrigation system. This saving alone may in a
few instances pay for a canal lining over a 40-year period.

The cost of operaticn and maintenance per mile of canal will vary with the project and
even with the canals on the same project because of various factors, such as climatic con-
ditions, silt load carried by the water, terrain traversed by the canal, and efficiency of
operation and maintenance. This is borne out by the wide variations in the costs presented
in the field reports on existing canal linings. From the data submitted in these reports, the
average cost of maintenance of a concrete lined section is approximately 30 percent of that
of an unlined section of equal capacity. -

To more accurately ascertain the cost of operation and maintenance of unlined canals,
the reports for nine different Bureau of Reclamation projects in various parts of the country
were analyzed for the years 1938 and 1939. In this manner, cost data were secured on 3,300
miles of canals including 55.1 miles of lined canals. After making an approximate correction
for the lined canals, it was found that the cost of operation and maintenance for unlined canals
varied from $78 to $324 per mile with an average of $166 per mile. Cost of maintenance
alone varied from $41 to $245 pér mile with an average cost per mile of $116, Thus the
average maintenance costs were 70 percent of the total cost of operation and maintenance.

Just as there was a wide variation in the amount spent for maintenance on the nine dif-
ferent projects, there was a considerable variation in the amount expended for various items
of maintenance. But for the 2 years considered, an average of 40,2 percent of the cost of
maintenance was spent on removal of silt and weed control; 13.3 percent for care, repair,
and maintenance of banks; 30.7 pércent for repair of structures; and 15.8 percent for mis-
cellaneous items.

In an evaluation of the economic benefits of a canal lining with reference to the costs
of operation and maintenance, it must be recognized that the application of the factors
involved will be dependent upon the type of canal lining being considered. For example, if
a lining is being considered for an existing unlined canal, the economic studies for using a
concrete lining can properly include benefits anticipated from reduced costs of weed removal,
less danger from burrowing rodents, and any other conditions which a rigid, high quality lining
will benefit. On the other-hand, the economic studies for an earth lining cannot include these
factors and must rely almost entirely on the value of seepage prevention for justification. The
qualities of a lining, therefore, determine some of the factors which may be considered in the

economic analysis.

1t is believed reasonable to assume that the cost of these factors of maintenance would
be substantially reduced by the installation of a high quality lining, such as portland cement
concrete, asphaltic concrete, shotcrete brick or masonry linings. These.rr}aterlals are
highly resistant to erosion and, if the lined canal were designed with sufficient velocity to
prevent the deposition of silt in the canal, the necessity of routine silt removal would be
greatly reduced. For the same reason, the cost of maintaining the canal section against
erosion would be similarly affected. In addition, these linings, with the exception pf_ asphal-
tic conerete which usually requires permanent sterilization of the subgrade to inhibit weed
growth, are practically impenetrable by weeds. Canal lining would reduce the cost of weed
control and removal.

In areas where rodents are prevalent, many canal failures occur each year in unlined
canals as a result of their actions. The cost of repairing the canal and the resultant loss
in crops due to a lack of water may be of considerable magnitude. Since any of these high
quality linings are practically impenetrable by rodents, their use offers increased safety
from breaks resulting from rodent action as well as from erosion. It was stated in the
field reports on the canals of the Yuma project that ‘It has been estimated that for every '
break and washout in a concrete lined lateral there are about twenty in the unlined laterals.
A 3,310-foot section of Lateral No. 1 of the Rock Ranch canal of the Lincoln Land Company,
Wyoming, was lined with a 2-inch reinforced concrete lining primarily to prevent washouis
which were constantly occurring as a result of rodent action. The manager of the company
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stated that the lining had paid for itself in the three years it had been in operation because
of the high cost of repairs and the erop damage resulting from a lack of water.

Although, as stated previously, data on the cost of maintenance submitted in the reports
on existing lining indicate that the average maintenance cost on a lined canal is only about
30 percent of that on a comparable unlined section, a more conservative figure of 40 percent
has been used for purposes of illustration in this report. Assuming a maintenance cost of
$116 per mile for an unlined canal, lining would result in a saving of about 116 x 0.60 =
$69.60 per mile per year, or $2,784 per mile in 40 years.

Tt would appear that the cost of operation would be similarly reduced due to better
operating efficiency. In addition to the savings in the cost of operation of the irrigation
system, additional economics should result from the savings in man-hours required by the
farmers in the irrigation of their lands, It has been reported that with lined farm ditches
the improvement in farm deliveries may be such as to result in a saving of 50 percent in
man-hours required per irrigation. An estimate of the monetary value of the improved
operating efficiency, both in the irrigation system and to the farmer, is difficult to determine,
In many of these cases, these savings are known to have been appreciable and therefore con-

sideration should be given to an evaluation of these benefits in a study of the feasibility of
installing lining.

On a project where it is necessary to pump the irrigation water to gain elevation, the
reduction in operating cost that would result from the installation of lining in an existing
canal may be substantial. As an example, a pumping plant on a Bureau project raises 525
cfs of irrigation water a total of 20 feet. In 1944, during a 6-month period, 120,111 acre-
feet of water was pumped using a total of 6,527,720 kwhr of electrical energy, or 1.87 kwhr
per acre-foot per foot of lift. Assuming that 20 percent of the water is lost through seep-
age in the canals and laterals that could be saved by lining and that power cost $0.0025 per
kwhr, the savings in pumping costs alone, if this seepage were prevented, would be
29 x 1.87 x 0.20 x 0.0025 x 120,111 = $3,256.80 per year, or $130,272 for 40 years.

_ The information and data on the economics of canal lining have been presented merely
to indicate the possible savings and benefits that accrue from the use of canal lining, Obvi-
ously, all of these benefits and savings cannot be realized on one project nor can they be
acl_neved to the_saxpe: extent on different projects because of varying conditions. Each instal-
lation must be justified by the existing conditions and will involve an economic study of its
feasmlhty.. Therefore, itis impossible to present an economic justification of canal lining
such that it would be applicable or of great value to any particular project. .

However, as an indication of the possible benefits of canal lining, an economic compar-

ison is presented of unlined and concrete lined canals based on the g:rerage cost of cons?truc-
tion, average cost of operation and maintenance, and average charge for irrigation water.
The data previously presented on the cost of construction of concrete lined canals and sim-
ilar data on the cost of construction of unlined canals were used to determine the yearly
c.onstructlon cha:rge per_ca.nal station for a 40-year repayment pericd. Sufficient informa-
tion was not available to accurately determine how the cost of operation and maintenance
varied with the size or capacity of canal, However, of the 3,300 miles of canals covered
by the data previously referred to for this cost, 71 percent of the canals was of 0 to 50 cis
capacity and 19 percent was of 50 to 300 cfs capacity. Therefore, the average cost of $166
per mile for operation and maintenance probably was applicable to a canal of about 50 cfs.
For this comparison it was assumed that the cost varied directly with the wetted perimeter
from the $166 per mile for a 50 cfs unlined canal to $450 per mile for a 4,000 cfs unlined
canal., It was also assumed that the cost of operation would not be aﬁected, by lihing, and,

3 - d
on this basis the cost of operation and maintenan i 5
cent of the cost for an unlined canal, nance for a concrete-lined canal was 59 per-

To determine an approximate value of water lost by see i 3
average charge to the water users for irrigation was a%out %ggé ;te\;raésc?gf%rgf dFt‘l’éai:Lghh:
purposes of analysis, it was assumed that the loss for unlined canals would be 1.0 cubic
%%Ot per square foot of wetted perimeter per day and 0.20 cubic foot per square foot per
hours for concrete-lined canals, An irrigation season of 130 days was assumed. The
go:iiiparlson of these costs for the two types of construction is shown by Table 3 for illus-
rative purposes only. The actual watér loss in an unlined canal may in some cases be no

greater than the loss in some lined sections i i i
greater than the as shown in the discussion on seepage
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COMPARATIVE COST OF CANALS PER 100 FEET

Baged on a 40-year repayment period

Canal cepaclty in cfs

100 | 200 | 300 | 500 | 750 | 1000| 1500] 2000| 2500| 3000
1. Unlined Canals

a. Amnual construction charge 1.30] 1.75] 2.20] 2.95| 4.25| 5.90] 7.40| 9.40111.50| 13.50
b. Annusl O&M 3.54| 4.08| 4.45| 5.01| 5.72| 6.36| 7.05| 7.50| 7.82| 8.0k
¢. Annual loss of water 8.91112.86|15.56|19.65| 24.80[29.50|34.60[37.90|40.70| 41.90
Total 13.75(18.69|22.21|27.61| 34.77|41.76{49.05 |54.80{60.02] 63.44

2. 13" Reinforced Concrete Liued Canals
a. Annusl construction charge 10.00{13.60[16.20{19.50| 22.50(2%.70|29.00{33.50/38.30{. 43.6C
b. Annual O&8M 2.05| 2.37| 2.58| 2.91) 3.32| 3.69| 4.09| %.35| 4.54| 4.66
¢. Annual loss of water 1.59] 2.30|_2.69|_3.17|_3.56| 3.88| 4.39| k.95( 5.37| 6.20
Total 13.64(18.27|21.47|25.58 2§.38 3é.27 37.48|42.80)|48.21| 54.46




. Bazsed on the above assumptions, the most important factor in the justification of concrete
lining is the value of the water saved, although the savings in operation and maintenance are
appreciable., As indicated by Table 3, the annual cost of a 3-inch reinforced concrete-lined
canal is less than a similar charge for an unlined canal for the range of capacities shown and
for the three cost items considered. Similar comparisons could be prepared for other types
of linings that may be under consideration. '

CONSTRUCTION COSTS

. The importance of including canal lining in the original plans and designs 6f an irriga-
tion project cannot be too strongly emphasized, if studies have proved its economic feasi-
bility, It is only during the planning and designing stages that full advantage can be taken

of the many benefits of a permanent canal lining.

On many of the existing projects, it will not be economically feasible to install canal
lining even though the need is evident and great. Lining camnot be justified because the
benefits and savings will not equal the cost; the benefits and savings will be imited largely
to lower seepage losses with a greater supply of usable water, recovery of water-logged
lands, lower operation and maintenance costs, improved drainage conditions, and less danger
of canal failures. However, had lining been included in the original plans and designs so as
to take advantage of additional benefits that acerue from its use, it might have been possible
to economically justify the lining, These additional benefits are: reduced storage and diver-
sion requirements, smaller cangl sections and structures, less right-of-way, greater range
of permissible velocities and canal gradients, and lower lining installation costs as com-
pared to construction undertaken at a later date.

Seepage losses from canals and laterals represent a loss not only of valuable irrigation
water that should be conserved for productive agricultural use, but also a considerable loss
in additional cosis of construction from which no return is received on the investment,
Storage reservoirs and dams must be constructed of size to impound not only the useful water
but also the water that will be lost in transit to the farms, Canals and laterals must be
designed with sufficient capacity not only to transport the useful water but the water that
will be lost through seepage as well. Often the canal cross-sectlional area required for the
latter water is equal to that required for water that wiil be delivered to the users, Canal
structures (bridges, weirs, drops, check, and chutes) must be of increased size. Thus the
seepage losses require a considerable increase in construction costs--an increase which
coulc%rtlale tcgbvia,’ced by the instaliation of an impervious canal lining at the time of original
construction,

In those insiances where right-of-way requirements involve the acquisition of expensive
agricultural lands, the reduced requirements for a lined section with improved hydraulic
properties are of importance, The right-of-way for these canals, in addition to having a
high initial cost, imposes 2 heavy toll on the land it serves. It has been estimated that the
area required for canal and lateral right-of-way may often be 1 percent of the total irri-
gable acreage and, if all corners and restricted areas resulting from the distribution system
are included, the area which cannot be cultivated for this reason may approach 3 percent.

A lined canal would reduce the right-of-way requirements by permitting the use of a
smaller canal due to elimination of the seepage losses$ and to improved hydraulic prop-
erties. The average unlined canal of 100 cfs capacity, as designed by the Bureau of
Reclamation, has & water surface width of 15 feet; whereas a conerete-lined canal of the
same capacity has a width of 12.0 feet. And if, for instance, lining of the canal would reduce
the required carrying capacity of the canal by 20 percent by eliminating seepage, a lined
canal of 80 cfs capacity and a water surface width of 10.8 feet would be satisfactory, This
saving in right-of-way requirements would be further increased by the narrower banks that
can be used in conjunction with an impervious lining,

In addition, because of the smaller cross-sectional area required for a lined canal, the
amount of excavation is materially decreased. This may be of particular importance where
the canal location is along a steep slope or requires a deep cut, In such locations an increase
in the width of a canal would result in a much greater volume of excavation than would the
same increase in fairly level terrain. Such a sitnation is described in the field report on
canal lining in the New York canal of the Boise project. It was reported that the capacity of
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this canal was increased in 1909-1912 by enlarging the existing 40-foot earth section to
one with a T0-foot base width and also by the lining of selected sections totaling approxi-
mately 6-1/2 miles with concrete lining in the existing 40-foot base width section, Most
of this lining was placed to reduce seepage and to increase the stability of the canal along
the hillside location but some lining was placed through sections of deep cuts where it was
found more economical to line the 40-foot bottom canal than to enlarge for an earth section
with a 70-foot bottom.

Canal lining, in addition to permitting smaller, less costly structures, may reduce the
number required, The maximum permissible velocity in an unlined canal is limited because
of the problem of erosion and this, in turn, limits the permissible canal gradient, However,
canals often must traverse slopes which for an unlined canal require the use of drops or
chutes to avoid destructive erosion, A permanent lining, because of the higher permissible
velocities and the steeper gradients, may eliminate the need for many of these struciures.
A construction contract recently awarded by the Bureau of Reclamation for the construction
of approximately 17.4 miles of small, unlined laterals required 94 drops and 2 concrete |
chutes because of the steep terrain, Although canal lining would not have eliminated all of
these structures, it would have certainly reduced the number required.

In certain cases, it may be important to use as flat a canal gradient as possible so as
to serve the maximum area, since only the land below the canal can receive water without
expensive pumping. A lined canal because of the lower coefficient of friction would permit

a much flatter slope than would an unlined canal, thus permitting a larger area to be
irrigated. - :

Arnother factor that is of importance on a project which requires pumping of the water
to gain sufficient elevation to serve the land is the cost of pumping topovegéo%ne friction
losses in the canal. If lined canals are substituted for unlined canals, the pumping head
can be kept the same and the irrigated area increased or the area kept constant and the
pumping head reduced, If the latter alternative is used, the savings in cost of pumping
may be appreciable. Using the figures from the Bureau pumping plant previously referred
to, and assuming a gradient of 0.0001 for a lined canal and 0.00025 for an unlined canal,
the latter requires 0.79 foot more head per mile. To pump 120,111 acre-feet of water this
additional height, if 1,87 kwhr of power is used per acre-foot per foot of lift at $0.0025

per kwhr, costs 1,87 x 0.79 x 120,111 x 0,0025 = :

Lastly, the cost of installing a permanent lining in a canal that has been in ice for
some time is more than if it were done at the ti.megof construction of theecanlal,sc?igvx?ggarding
all price changes. The cross-sectional area of an unlined canal is greater than for a lined
canal of equal capacity and, unless increasing the eapacity of the canal is a consideration,

it is not economically practical to line the perimeter of the existing canal. Instead, it is
the usual practice to backfill part of the cross-section with compacted material, trim the

subgrade to exact line and grade and install the lining, This involves placing and tiﬁ
of backfill, a costly operation, which would > placing and compacting
installed ori ginally. ) not have been necessary had the lining been |

ECONOMIC ANALYSIS

Although it may be highly desirable to install lining in a canal for an
. : of retofore
discussed reasons, such as prevention of seepage loss, reclaiming waterS{oggEtlielggd lower
operation and maintenance costs, mitigation of drainage difficulties, ete,, it must be’eco-
nomically feasible to do so. To be economically feasible the capit‘alized’annual value of the
benefits resulting from the installation of the lining must be equal to, or greater than, the
izmual cost of the lining. Some of the benefits are rather intangible and difficult to e\’raluate-
careful estimate based on wide experience on the part of the estimator may be the only

method of securing the required data. Mitigation of dr iffi i
against canal failures for instance, fall mtogthis cgtegoari;.age difficulties and insurance

Seepage losses ¢an usu;'ﬂly be determined or estimated with
. : reasonabl . In
?dsatlmg_tcanals this can be accomplished by direct seepage measurements z.nagcigrgx?gposed
than si ca:g be estimated from results of soil and permeability tests and borings along

e proposed canal location, Operating and maintenance costs on lined and unlined canals -
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can normally be secured from cost data on existing canals on the same project or on
projects operating under somewhat similar climatic, geographical and agricultural condi-
tions. These costs for lined canals will vary from a minimum when the lining is new to a
maximum when it approaches the replacement stage and an average cost should be chosen.
The total cost of the lining can be estimated with reasonable accuracy and this cost should
be amortized over the serviceable life of the lining to determine the annual cost, To be
strietly correct, this annual cost should be the annual payment which at interest will accum-
ulate to the replacement cost by the end of the serviceable life of the lining. But such a
high degree of accuracy is not consistent with the other assumed and estimated values and
assuming that the annual cost equals the total cost divided by the years of serviceable life
is usually sufficiently accurate. )

The determination of the economic feasibility of a proposed canal lining project, as
for any other project, depends upon the yearly cost and benefit considering all pertinent
items, Some items may not be available, such as additional storage water or additional
land on which to use excess water saved. Water may have a higher value in certain months
than earlier or later in the irrigation season, After the various items have been evaluaied,
the feasibility of the proposal can be reduced to mathematical statements. The formulas
presented below are for illustration and are similar to those developed by O, W. Israelsen
and D. C. Reeves in Ref. 127. .

If C = costof l.ining in cents per square foot including all costs incidental to
installing the lining, such as trimming, backﬁ][l, ete.,

Sl = seepage loss in lined canal in cubic feet per square foot per 24 hours, ]
S_ = seepage loss in unlined canal in cubic feet per square foot per 24 hours,
P1 = wetted perimeter of lir\ued canal in feet,
P_ = total perimeter of lining in feeti,
= wetted perimeter of unlined canal in feet,
d = number of 24-hour days which canal operates annually,
Vw = ‘value of water saved in cents per acre-foot,
L = length of canal in feet, '
Y = life of lining in years,

D = annual saving in cents in reduced drainage costs, recovered land,
insurance against breaks, improvement in appearance of system, and

M = annual savings in operé,tion and maintenance costs due to lining expressed
in cents,

the annual value of water lost by seepage from the unlined canal is
Pe L Se d Vw

43560
and that for a lined canal is equal to

Plle d Vw

43560
therefore, the annual saving in seeped water resulting from the lirging is

P,LS,dVw - P;L§ dVw

dVw L
43560 ' 43580 (Pe Se 15¢)

88



and the annual benefits are equal to

The annual cost of the lining is

P2LC

Y

If the lining is to be economically feasible, the annual cost must be egual to, or less
than, the annual benefits, or

PPLC  avwy
Y 43560

= - + + D

The above equatlons are satisfactory for use in connection with exlsting canals, but
they are not correct for making economic studies of the feasibility of employing lining in
new constructions. The formulas are based on the cost of the lining only and do not pro-
vide for the other savings, such as less right-of-way, fewer structures, less excavation
. and compaction, ete., which may result from the use of lining. To make them applicable

to new construction, the value of ‘‘C” should be the difference in total cost of the unlined
canal and lined canal, expressed in cents, divided by the total square feet of lining, This

would be the cost which would have to be justified. The remainder of the computations
would be the same as before.

(BeS, = P|S) + M+ D

As an illustration of the method of determining the feasibility of installing lining in an
existing unlined canal, it has been assumed that an unlined canal, 5,280 feet in length, is
to be lined with 3-inch unreinforced concrete, on the same canal gradient. The unlined
canal has a base width of 12 feet, a depth of 4.85 feet, side slopes of 1-1/2:1, and a wetted
perimeter of 29.47 feet. The lined section of equal capacity would have a base width of
8 feet, a depth of 4.60 feet, side slopes of 1-1/2:1, a wetted perimeter of 22.58 feet, and a
lining perimeter of 25.0 feet, Seepage measurements on the unlined canal indicate a loss
of 1,50 cubic feet per square foot per 24 hours and it is anticipated that the loss with con-
crete lining will be 0.2 cubic feet per square foot per 24 hours. Water has a value of .$1.50
per acre-focot and the canal is in operation 130 days per year. Based on previously presen-
ted data, the average cost of operation and maintenance for lined and unlined canals of this
size would be approximately $125 and $216 per mile, respectively. Other benefits, such

as improved drainage conditions, reclamation of waterlogged land, ete., are assumed to be
$40 per mile,

Using these data, the annual value of the water saved by lining is:

LdVw _ _ (5280) (130) (150) .
~3ts0 PeSe = Py 5, = s — [ 20.47(1:6) - 22.58(0.2)

93,856 cents.

The net benefits are:
83,856 + M + D = 93,866 + 9100 + 4000 = 108,956 cents.
The maximum justifiable unit cost for the lining would then be

_ 108,956 Y _ (106,956) (40)
=== = 2 = 32,
Py L (25) (5280) 4 cents per square foot.
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Thus, it is shown that the installation of a conerete lining would be justified on this
canal if the lining can be installed at a cost of 32.4 cents per square foot or less based on
the comparison of the benefits which can be expected to accrue and the cost of construction.
However, further economic studies would have to be made to determine the projects repay-
ment ability to ascertain whether the cost of the lining can be borne and repaid by the water

users over the period of serviceable life of the lining,
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SUMMARY

The lower-cost canal and lateral Iining sought must be reasonable in first cost, and
insure satisfactory service without excessive annual costs for maintenance and replace-
ment, Investigations and trial tests in the fleld and in the laboratory have not resulted in
any remarkably new construction material or type of lining, Linings of portland cement
concrete remain the most dependable and permanent type in common use and are in general
the most expensive as regards first cost, At the other end of the list are silt and loose
earth linings which, although low in first cost, are usually only partially effective, are
costly and difficult to maintain, or are of questionable value after a few years if not prop-
erly maintained, In between these two extremes are several types of asphaltic linings,
modifications of portland cement concrete which include soil-cement, and a number of esrth
material linings, '

It has been demonstrated that linings of hot~mix asphalt can be constructed at a slightly
lower cost than unreinforced portland cement concrete laid to the same thickness but to
closer tolerances. However, experience with asphelt as a lining material is quite limited
and its serviceability is ant yet well demonstrated.” Asphaltic-membrane iinings sprayed in
Place can apparently be placed for considerably lower cost, but are still in the experimental

stage.

Since the cost of reinforcement steel in concrete linings currently amounts to more than
20 percent of the cost of such a lining, its elimination will result in considerable saving, In
many instances unreinforced concrete is adequate and the possible benefit resulting from
the use of reinforcement does not justify the additional cost, The relative long range econ~
omy and durability of reinforced and unreinforced concrete lining is now being investigated.
Considerably smaller reductions in the cost of concrete may be realized by a slight reduction
in cement content or the substitution of pit-run aggregate with a corresponding sacrifice of
durability,. In localities where concrele aggregates are not economically available a sandy
soil may be satisfactorily utilized in a soll-cement mix of plastic consistency which can be
%r?i?ued by the same methods used for concrete but'which is of doubtful durability as a eanal

g ‘

Shotcrete, or pneumatically placed mortar, has proved very satisfactory as a lining in
many miles of canals and laterals in the southwest, but it is little, if any, lower in cost
than machine-placed concrete of almost twice the thickness, Linings of precast ¢oncrete
blocks are adaptable for use by small maintenance crews or by individual farmers for
lining their own small ditches, but the high cost of hand labor in placing prohibits their
economical use on a large scale. Limited resistance to external forces renders their gen-
-eral use unattractive,

Thin lirﬁ.;lf‘s of compacted clay or bentonite are economical if suitable materials are
available locally and, when properly maintained, are quite effective, A protective blanket
of stable earth or gravel adds to the cost and much to the life of such linings. Heavy-
compacted earth linings require more material yardage but permit more economical lon-
gitudinal rolling and a wider range of earth types. Other possibilities exist for stabilizing
or compacting in-place soils by & number of methods adaptable to limited conditions and

soil types.

Regardless of the type of material used, a great percentage of the cost of canal lining
in recent years has been atiributable to construction operations as compared to materials,
It follows, therefore, that one of the greatest possibilities for lowering costs lies in the
development and full utilization of mechanized equipment, in the simplification and relax-
ation of specification requirements consistent with good englneering practices, and the
standardization of canal shapes and dimensions, Completely mechanized equipment has
been utilized in the construction of large canals for years with a gradual reduction in the
basic unit cost, More liberal tolerances in dimension, grade, and concrete finish may
reasonably be permitted in smaller canals and laterals and this coupled with standardization
of sizes will encourage the development and use of mechanized equipment, Significant prog-
ress in this direction has been made since the start of the Bureau’s or zed effort to
reduce the costs of canal lining, New equipment has been developed and proved on several
jobs, for placing concrete, soil cement, and asphalt; but the size of the jobs and the develop-
ment problems encountered did not permit the full reductions in cost that are indicated,
Results, however, have been very-encouraging and larger scale trizls are contemplated.
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