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ABSTRACT
A Model for Designing Surface Drainage Systems
In Nearly Level Agricultural Lands
by
Rafael M. Rojas, Doctor of Philosophy
Utah State University, 1976
Major Professor: Dr. R. J. Hanks
Department: Soil Science and Biometeorology

The increasing demand for reclamation of periodically waterlogged
nearly level agricultural lands in humid tropical areas and the hazard
of soil deterioration and soil moisture balance disturbances by current
land forming methods suggests the need for investigations of new
surface drainage design procedures. This report presents a rainfall-
runoff model for simulating hydrographs from ungaged agricultural plots.
The model is based on routing procedures and utilizes common soil and
hydrologic data. Tests made with several small agricultural water-
sheds indicate that the model could be a useful tool in simulating
surface drainage design.

Input data for the model consists of (a) rainfall data, (b)
infiltration, (c) watershed characteristics, and (d) soil parameters.
The model could be used with any computer or desk calculator. Since
the model was developed for surface drainage purposes, its use is
limited to wet conditions in homogeneous and rectangular plots.

(131 pages)
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INTRODUCTION

Surface drainage has been one of the most important problems in
the development of intensive agriculture in humid nearly level lands,
especially in tropical and subtropical regions.

Surface drainage problems are commonly related to high precipita-
tion, level topography, and fine textured soils. In most tropical
regions, lands with surface drainage problems are generally regarded
as marginal lands and are mainly cropped to rice and pasture. 1In
recent years, the increasing demand for food has forced farmers to use
some of these lands to produce more valuable crops, but the water-
logging condition associated with poor surface drainage is a limiting
factor to producing economical benefits.

Research in surface drainage has been limited to the search for
some method of improving land slope for a faster removal of excess
water. The results, although good, generally can only be applied to
those areas for which they were developed. Current methods of surface
drainage design were developed for the main surface ditches. To insure
a rapid water conveyance to these ditches, land reshaping is accomplished
by land forming methods. Overdesign of these land surface changes are
common and, therefore, soil disturbances occur. For deep soil, this
is not a problem, but in shallow soils, it could be irreparable.
Although, in most cases, yields increase after drainage, they still may

not be optimum.



There is a need for a method to estimate runoff from agricultural
plots which accounts for the minimum land surface changes necessary to
provide an adequate removal of excess water and at the same time main-
taining an acceptable moisture status for all crops in a rotation. The
method should also apply to ungaged watersheds and, therefore, could be

used in planning surface drainage works.

Objectives of the study

The purpose of this research was to develop a reliable surface
drainage model for the design of surface drainage improvements. The
model was proposed to be based on the rainfall-runoff relationship and
flood routing procedures. Efforts were made to make the model as simple
as possible to be used with common calculating facilities, and flexible
enough to be applied to ungaged agricultural plots and requiring easily
measurable soil and hydrological parameters and variables. Specifically,
the main objectives of the study are:

1. To develop a surface drainage model with the following

characteristics:

a. The model should be simple to be used with common
calculating machines.

b. The model should be applicable to ungaged small water-
sheds.

c. The model should use only those data commonly found in
soil surveys and hydrological data publications.

d. The model should be sensitive to those design character-

istics as: slope and length of run.



2. To test the model with available small watershed data.
3. To develop a method for applying the model to surface drain-

age design.



REVIEW OF LITERATURE

Surface drainage design for small areas has not been considered
before as an individual research topic. The literature used to con-
ceive the ideas for this research has been divided into four categories:
(a) surface drainage practices, (b) rainfall simulator analysis, (c)
hydrology of small watersheds, and (d) crop production and surface

drainage.

Surface drainage principles and
practices

Surface drainage has been practiced for many years in a practical
trial and error manner by means of land forming works. The first
technical approach to the problem was made by McCrory and associates
(30) when planning drainage improvements in the Cypress Creek Drainage
District, Desha and Chicot Counties, Arkansas. McCrory developed the

so-called "Cypress Creek Formula:"
q = 3en°/6 (1

in which Q is the ditch capacity in cfs, M is the area in square miles
and 36 is the value of a certain coefficient that represents the
characteristics of the drainage area and excess precipitation to be
removed by surface drainage. The units of M (sq mi) indicate that this
equation applies to large areas to calculate the capacity of the main
outlet.

Stephen and Mills (45) obtained a relationship to apply the for-

mula to other locations:



0 = (16.39 + 14.75 Re) M°/®

and can be applied to any location provided Re is known. Re is the
excess rainfall in inches, and according to Stephen and Mills (45),
should be determined in accordance with the SCS National Engineering
Handbook, Section 4, Hydrology, Chapter 10 (48).

The Cypress Creek Formula, as mentioned before, applied only to
the design of the main surface drainage ditch network and gives only
the ditch capacity to remove the excess water in a given time, generally
24 hours. This equation could work satisfactorily providing that each
of the individual small plots in the drainage area has the capacity to
conduct the excess water to the collector drains and then to the outlet
ditch, but the equation does not provide enough evidence to insure
that this will occur, mainly because of the absence of certain water-
shed parameters and variables, such as (a) rainfall intensity and
duration, (b) absolute slope of land, (c) time variation of infiltra-
tion, (d) microrelief, (e) vegetative cover, and (f) soil moisture
content at the time of the design event. The absence of these factors
in the design leads to the uncertainty as to whether the watershed
characteristics and conditions at the time of the rainfall occurrence
will prevent the removal of the excess water in the desired time.

The computation of Re considers vegetative cover and antecedent
moisture condition, but as will be discussed later, the method has
several limitations regarding the evaluation of cover and antecedent
moisture. The main limitations are that it was developed mainly from

large and fairly well drained watersheds with slopes generally greater



than 1 percent, which is opposite to the recommended use of the Cypress
Creek Formula (49).

Most of the current surface drainage design procedures are based
on the Cypress Creek Formula and, therefore, have the same limitations.
Among these, the most commonly used are: Bureau of Reclamation (46),
Soil Conservation Service (49), and American Society of Agricultural
Engineers (1).

Several practical handbooks, bulletins, and technical journal
articles have been written to indicate, propose, and delineate methods
for designing surface drainage systems. Most of them show methods of
land forming to accelerate the disposal of excess surface water
(Zwerman, 52; Coote and Zwerman, 1l; Savenson, 41; Luthin, 29;
Beauchamps, 4; and many others). Most of the textbooks on drainage
give some indications of the methods for outlet design.

The most recent surface drainage methods for agricultural lands
are those of Salamin (38) and Seginer (43). Salamin presents a hydro-
logical approach to the solution of the problem and gives some consider—
ations to the crop resistance and yield under different flooding
conditions, but like the other authors, he considers only the design
of the system for a large area. Seginer developed a mcdel of surface
drainage for agricultural lands, but his approach is more applicable

to urban areas than to agricultural lands.

Rainfall simulators

In the late thirties and early forties there was a great concern
for the study of infiltration and erosion, and consequently, runoff

from small watersheds. This started the rainfall simulator era. Many



rainfall simulator trials were made on small plots, generally 24 x 6
feet. One of the advantages of these plots is that the surface remains
undisturbed and is thus similar to natural conditions. These rainfall
simulator studies provided material for hydrological studies and very
good results were gained from them. The pioneer of rainfall simulator
analysis was Horton (18,19) who created the techniques for such
analysis, and his method is still in use by hydrologists.

After Horton, many other researchers utilized rainfall simulator
data for different hydrological studies which have become the basis for
many hydrological methods (Izzard, 24,25; Duley, 12,13; Beutner, 5;
Borst, 6; Wishmeir, 51; Neal, 33; and many others).

In a rainfall simulator, water is artificially applied at a known
rate for a certain period of time. Accumulated runoff as a function
of time is measured at the end of the plot until runoff stops. Data
collected from these plots are: runoff measurements, initial moisture
content, time to runoff start, surface detention, vegetation, and
sediment production.

Figure 1 shows a sample hydrograph of a rainfall simulator trial.

Horton suggested that when runoff becomes constant, it is because
infiltration is also constant. This may not be strictly true, but for
practical purposes this assumption is probably reasonable. This
assumption is the key point in rainfall simulator analysis. If both
runoff and infiltration rate are essentially constant,

fc
qc

= constantl [3]

lAll symbols refer to Figure 1.
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Figure 1. Rainfall simulator hydrograph (Taken from Beutner (5)).



and when rainfall stops

i8nl o constant. [4]

qe qc
In the recession part of the hydrograph q is measured. Since
rainfall stopped, qr is a function of the storage on the plot Da, and
therefore fr is also a function of the storage. From these, Horton

also assumed that

fr  fe (5]

The storage Da at the end of the trial can be computed from the

measured qr as

i
_ |He i e
Da = [—qc + 1]121 (@, +q -1 At [6]

where qi and q; -1 are the measured runoff rates.
At is the time interval between qi and qi =13

Infiltration rates during recession are computed by the equation

fr = qr Eﬁﬂ [7]

Knowing qi and f:, Da can be computed by successive subtraction of
average qr's and fr's for each time interval.

Plotting Da vs qr gives the recession curve which in log-log paper
results in a straight line (Figure 2). From this line the regression

equation is obtained:

qr = C Da" [8]

where C is the intercept when Da = 1 and n is the slope of the line.
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Figure 2. Typical storage-runoff relationship during recession. Data

from Plot 1-1-1 of Arizona plots. (From Horton 18,19)
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Analysis of many recession curves indicates that m is fairly constant
for a particular place and depends mainly on the soil cover complex and
slope of land, whereas C depends more on the length of the plot and
soil-cover conditions.

Hydrology of small watersheds
and surface drainage

The availability of hydrological data from small watersheds and
the relative uniformity of those watersheds gave many hydrology
researchers the opportunity to study the rainfall-runoff relationships
and, therefore, to develop many of the present methods of hydrologic
analysis. The literature on rainfall-runoff relationships is so
extensive that it would be impractical to discuss it completely, there-
fore, only those works that most concern this research will be discussed.
Chow (9) gives an extensive review of present knowledge.

Horton (18,19) and Izzard (24,25), as mentioned before, were two
of the pioneers in the study of infiltration and runoff. Horton's
infiltration equation is still widely used in hydrologic models,
especially for its applicability in mathematical analysis for long dura-
tion storms. Izzard started the studies of overland flow by means of
rainfall simulators and developed very good relationships between
rainfall and runoff, especially for paved surfaces.

Izzard suggested that runoff was a function of surface storage
Da and some watershed characteristics as given in the following equa-

tion similar to equation [8]:

Gi=kc Da1.67 19]
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where 1.67 substitutes for n in equation [8] and is equal to the value
of that exponent in Manning's equation for shallow flows. As is known
for shallow flow in wide channels, the hydraulic radius R is approxi-

mated by the depth of flow Da. Mannings equation could be written as

2/3
_ 1.486 [Da 1/2
V= T [12] S [10]
or
2/3
- Da
oeo [ o
Equation [11] could then be written as
5/3
Da
q =C [12] [12]

where 5/3 - 1.67 and C will include 81/2, n and the conversion factors.
The flow rate will then be in cubic feet per second.

Equation [12] could be used to synthesize a hydrograph providing
that C could be evaluated and Da could be obtained by means of a
continuity equation and values of precipitation, infiltration and
previous Da, but the exponent is not really constant for all soil-cover
complexes and n also changes during the storm. Finding the changes of
this factor with respect to time and other variables will lead to very
sophisticated mathematical analysis that until now has not been done.

After Horton's and Izzard's pioneer works, many studies have
been made on rainfall runoff relationships, but most of them have been
too theoretical or difficult to apply in cases of non-steady infiltra-
tion and precipitation. Eagelton (15) describes several methods, based
on the kinematic wave theory, that are difficult to apply on ungaged

watersheds.
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Mockus (48), after analyzing data for a large number of small
watersheds, developed a method for estimating runoff from precipitation
data and watershed characteristics. He started with the basic assump-

tion

(1L

s
- = [13]

in which F = actual infiltration after runoff started (inches)
S = potential infiltration (inches)
Q = actual runoff (inches)
Pe = Potential runoff (inches) or precipitation excess.

He defined Pe and F as follows:
Pe = P - Ia [14]
F = Pe - Q [15]

For practical reasons he considered Ia as the cumulative precipi-
tation prior to runoff start, Ia is a function of interception, depres-
sion storage, and infiltration occurred before runoff started. Figure 3
shows all variables in Equation [13] as accumulative mass curves.

Combining equations [13], [14], and [15],

2
Q (Pe) [16]

“Pe+5°

From plot of Ia vs S, Mockus found that Ia = 0.2S, which upon
substituting into equation [16] gives

2
_ (P - 0.25)
Ois (P + 0.8S) [17]
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Figure 3. Schematic curves of accumulated P, Q, and F + 1Ia.
(From Mockus in Chow's (9)).
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This equation could be used to estimate total runoff in inches.
Q could be used as precipitation excess on instantaneous hydrograph
analyses, in this case, P is substituted by the cumulative P at the
time of the estimate. The main limitation of this equation is the
estimation of S which is made by using soil-cover complex, treatment
or practice and antecedent soil moisture. Mockus made up tables to
estimate values of CN (curve number), antecedent moisture conditions
and hydrologic conditions. After finding the value of CN for a given

condition, S can be computed as:

1000
S = o™ 10. [18]

Some other limitation of equation [17] are: Ia = 0.2S is not a
good estimation, especially for dry conditions; antecedent moisture
conditions (AMC) are grouped only in three categories and hydrologic
soil classes are only four.

Chiang (8) modified the hydrologic soil classes into seven classes
and provided a procedure to classify soils utilizing data from a
detailed soil survey.

Assuming that precipitation excess could be computed by sub-
tracting infiltration from precipitation or by Mockus's method when
infiltration is unknown, synthesis of the hydrograph is still a
problem due to the many factors involved in the transformation of the
excess precipitation into runoff. Of the many techniques available,
runoff routing is possibly the most simple and practical to utilize.
Chow (9) and Carter (7) describe several methods of flood routing,

in all cases a previous storage-outflow relationship has to be known
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and one to several coefficients must be obtained. Even in the case of
a single peak hydrograph and rainfall simulator hydrographs, there is
a hysteresis in the storage-runoff relationships. This hysteresis is
responsible for the difficulty in synthesizing the rising part of the
hydrograph.

Holtan and Overton (22,23) developed routing equations based
directly on the continuity‘equation and storage-runoff relationships
taken from the recession part of the hydrograph not sustained by rain-
fall. In essence, their equations are modifications of the "Plus

Method" of routing. Their first equation is:
e B e )
.21 o (820 2
(Pe1+pe2)+[At+ 7] "t Gt (1%

in which pe = average precipitation excess

S = storage

q outflow
At = time increment
1 and 2 refer to routing periods.
With a q vs (f% + g) relationship (Figure 4) obtained from the recession
part of the hydrograph unsustained by rainfall, q, can be obtained,
providing all values for period 1 are known. These authors found that
routing through half of the storage and making two routings, hysteresis
can be overcome.
The limitation of this method is that the q vs (f% = g) must be
known, therefore the method could not be applied to ungaged watersheds.
The authors also utilized what they called the routing coefficient, m,

which was defined as the slope of the S versus q relationship which

is considered to be a straight line (Figure 5).
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Figure 4.
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Computation of the routing coefficient, m.
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m = S/q [20]

where m = routing coefficient in hours

S = storage (cfs/hr)

n

m is considered to be constant, therefore there is a linear relation-
ship between storage and outflow.
Taking S = mq and considering half of the storage and two routings

to minimize hysteresis, they obtained the equation

l 1 m - At
5 = (peg +pe)(+At)+q1(m+At [21]

where qi and q; are the outflow for the first routing. For the second

routing, equation [21] becomes

S | A (m - At)
9= @, +95) G Y e AD) £22

qa, is the final outflow for the period.

The example in their paper shows a very good fit between computed
and observed hydrographs.

Overton (35), in a later paper, discussed the use of equations
[21] and [22] and suggested that this was one of the most convenient
ways of runoff routing for ungaged watersheds. He also suggested the
importance of research to find a method of estimating m from soil and
watershed parameters.

Narayana (32) and Amisial (2) developed analog models for surface
runoff for short time intervals. These models were used in small
watersheds, but the size of the watersheds was still too large for
surface drainage of small plots (about 1 hectare). Another problem

of the models is that they cannot be used, or are difficult to use
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in ungaged watersheds and an analog computer is needed to perform

the simulation.

Crop production and surface drainage

The literature on crop damage due to flooding is not abundant.
The research done is so diversified that good conclusions cannot be
taken from those studies. Luthin (28) describes some of the studies
on crop yield and flooding prior to 1957. Salamin (38) conducted a
flooding damage study for conditions in Hungary which gives a list of
crops yield reduction due to different flooding conditions.

Recently, Kramer (27) studied the flooding tolerance of tobacco
plants and found that a 24-hour soil saturation could cause permanent
plant injury. Rhoades (37) found that grasses are very tolerant to
flooding for long periods of time. Beard (3) studied flood tolerance
and temperature for four grasses and found that temperature had a
great influence on flooding damage; with 30°C most of the plants died
before 10 days. Williamson (50) found that most of the crops studied
began to suffer from flooding in less than 24 hours of continuous
flooding. Most of these research studies do not quantify the damages
enough to compute monetary losses to justify any drainage improvement.

Savenson (41) working in sugarcane in Louisiana found that with
surface drainage, yields could be increased by 2 tons of sugarcane per
acre with a cost of less than $6.00 per acre. Salazar (39,40) studied
surface drainage benefits on heavy soils in Venezuela where he found
yield increases up to 100 percent in pasture and corn yields for 4.8
kg/ha with no surface drainage, to 1314 kg/ha with surface drainage.

Surface drainage experiments in heavy soil in Portuguesa, Venezuela



21

(17) indicate yields could be increased up to 300 percent with furrow
surface drainage.

The last four studies are examples of benefits from surface drain-
age works. The main objection to these data is they they were made
only on a one-year basis, not considering that in a normal cycle there
are wet and dry years. If the experiment was done in a wet year, it
would be a success, but if it was a dry year, the results could be insig-
nificant or negative. In the case of tropical humid countries with two
crops, if a system is overdesigned, the second crop could suffer from
moisture stress, especially if it is an end-of-rainfall season crop
like sesame seed and beans.

The statements made in the last paragraph are supported by an
experiment conducted by Miller (31) in Venezuela and by some trials in
the Portuguesa study. Miller found that because of a dry year, surface
drainage had negligible or negative results. In Portuguesa, the plots
with wider collector drain distances gave better yields than the closer
ones.

In Surinam and Trinidad (10), it was reported that lands formed
in "beds" needed ten years to reach normal yields. This is because of
soil disturbances during grading and leveling.

Summarizing, crop yields could be improved by surface drainage
providing the design could be made in such a way that:

1. Minimum land leveling or grading is made.

2. Water removal should be fast enough to minimize crop

drainage due to flooding and permit a reasonable infiltration
to maintain a normal moisture balance throughout the cropping

season.
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The design storm, which is used for the basis of the design
of the drains, should be selected considering both flood and

drought return periods.

22
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PROCEDURE

In order to be consistent with the objectives of this research and
after the review of literature and several initial trials, it was
decided to adopt the routing procedure developed by Holtan and Overton
(22,23). Since this method required the elimination of the routing
coefficient, m, from the storage-outflow curve of the recession hydro-
graph, it was also decided that the best source of reliable recession
data was rainfall simulator studies. The routing coefficient, m was to
be obtained for multiple regression analysis of the rainfall simulator
data.

Precipitation excess, Pe, which is the input to the surface run-
off component of the hydrologic system, was computed by subtracting
infiltration from gross precipitation. Cumulative values of precipi-
tation and infiltration were considered instead of instantaneous values.

Precipitation excess, therefore, is defined as

Pe =P - F [23]
in which

Pe = precipitation excess

P = cumulative rainfall

F = cumulative infiltration

Infiltration, F, is represented by any available equation, such as
Horton's (19), Philip's (36), or Kostiakov's (26). Horton's equation

has been widely used in hydrologic modeling and its coefficients can
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be estimated from soil parameters (20,34). In the event that infiltra-

tion data are not available, Mockus' method (48) could be used.

The conceptual model is represented in schematic form by Figure 6

and it consists mainly of the following system blocks:

a.

h.

A set of initial conditions and watershed parameters data

(soil, cover, antecedent moisture conditions, slope, length
of field, width of plot, etc.). Data for this block are
obtained from soil surveys and hydrologic data.

Infiltration potential, obtained from infiltration studies

or Soil Conservation Service method (48).
Precipitation, obtained from rainfall frequency data.

Precipitation excess, computed from b and c.

Storage, computed from excess rainfall and runoff.
Storage-runoff system. This is the routing model based on
recession curve analysis.

OQutlet conditions. Since the routing model is designed for
infinite outlet capacity, any outlet limitation will affect
the runoff hydrograph.

Runoff. Final output from the hydrologic system.

Following the development of the conceptual model, the next step

was to simulate a procedure for synthesizing the storage-runoff system

from watershed parameters. The routing coefficient, m, proposed by

Holtan and Overton was the main objective of this search. These

authors said that m could be estimated by plotting storage against

runoff, where storage was equal to the area under the hydrograph from

a given time to the end of the runoff. In other words, storage at a
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given time is equal to total runoff less cumulative runoff at that time.
This is not entirely accurate because infiltration during recession is
not considered. Since infiltration from natural watersheds is difficult
to estimate, the only way to reproduce a real storage-runoff relation-
ship is with a controlled watershed. To meet this requirement, a rain-

fall simulator is frequently used to generate the needed data.

Data Collection and Analysis

Data collection
Time and climate conditions, cost, and availability of adequate
equipment are the main factors that were considered in obtaining data
for the development of the model. The existence of adequate data was
the decisive factor in selecting rainfall simulator studies as the main
source of information for this research. Unfortunately, these data
were taken more than thirty years ago, therefore most of the original
documents could not be found.
Four different sources were used to collect the rainfall simulator
data:
1. 1Izzard's: "Preliminary Report of Analysis of Runoff Resulting
from Simulated Rainfall on a Paved Plot" (24).
2. Professor Fletcher's files.l
3. Beutner's "Sprinkled-plot-runoff and Infiltration Experiments
on Arizona Desert Soils" (5).

4. Holtan's '"Plot Samples of Watershed Hydrology" (21).

1Joel Fletcher. Personal files on rainfall simulator data, 1975.
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Data utilized for testing the model were obtained from the ARS
publication, "Hydrologic Data for Small Agricultural Watersheds" (47).
Rainfall simulator data were tabulated and ordered for further analysis.

Small watershed data were tabulated and interpolated when necessary.

Analysis of data

Rainfall simulator data were analyzed following Horton's method.
Computations were made to obtain recession curves and such values as:
potential infiltration, S, initial abstractions, Ia, constant infiltra-
tion rate, fc, and available porosity, ap. The data were selected so
as to discard those trials which were incomplete or contained inconsis-
tencies. All data are presented in Appendix B in Tables 5 through
1.y

The procedure for obtaining the recession characteristics of each
rainfall simulator trial, shown in Table 1, consists of the following
steps:

1. From the rainfall simulator data (see Table 11, Appendix B),
all data pertaining to the recession portion of the hydrograph
are tabulated similar to Table 1. The: data needed are time,
accumulated time, time interval, and computed runoff. Other
data to be taken from rainfall simulator trails are initial
abstractions, rainfall rate, total precipitation, total run-—
off, constant rate of infiltration, and final runoff.

2. In this particular case, the final rate of infiltration is
utilized instead of the constant rate. Since precipitation

is constant, infiltration at the end of the rainfall is:
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Ly = pi=ig [25]

in which fe is the final rate of infiltration, p is the
precipitation rate and qe is the final runoff rate. From
equation [3], the value of fe/qe is then computed.

Da at the end of rainfall is computed from equation [6] and
its value is recorded at the time corresponding to the end

of the rainfall, which is also the beginning of the recession
period.

Infiltration during recession is computed by equation [7] and
recorded in Table 1.

With a and fr being known, Da for each point of the recession

can be computed by the following relationship:

Da2 = Dal - (E} + ?})At [26]

in which Dal is the previous value of Daj; qr and fr are,
respectively, average runoff and infiltration for the period
in consideration and At is the time interval for the period.
Finally Da is plotted against q on log-log paper (Figure 7)

for the example in Table 1. After the plot is completed and

the best fit line is drawn, recession characteristics values

are determined. In the example of Table 1, these values are

m = 0.091
n = 0.761
G =6.3

Final computation for regression analysis consists in the deter-

mination for S, which is obtained by equation [35]. Original rainfall
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il
Table 1. Sample table for rainfall simulator analysis

Time ACCU?UIatEd At q f Da
time ) I
(min) (sec) (sec) (iph) (iph) (in)
60:00 - — 2.04 1.180 0.1935
09 9 9 1.76 1.018 0.1860
26 26 17 1.67 0.966 0.1733
61:04 64 38 1.43 0.827 0.1474
25 85 21 1:36 0.787 0.1346
48 108 i 23 30 0.758 OcT 2L
62:12 132 24 Lo 15 0.665 0.1082
40 160 28 1.03 0.596 0.0948
63:10 190 30 0.94 0.544 0.0819
45 225 35 0.81 0.469 0.0684
64:25 265 40 0.68 0.393 0.0554
65515 315 50 0.55 0.318 0.0419
65:20 380 65 0.40 0.231 0.0284
67222 442 62 0.31 0.179 0.0187
68:25 505 63 0.19 0.110 0.0118
70:01 601 96 0.13 0.075 0.0051
11347 707 106 0.06 0.035 0.0007
72335 755 48 .00 0.000 0.0000

Plot data: Site = 17, Plot = 1, Run = 81, Slope = 1.60%, Precip. rate =
3.22 iph, Total precip. = 3.22 in, 6w = 7.1%, Runoff =

0.946 in, Cover = Heavy stand of tobasa chopped to 1 in.

Da computations

fc = 3.22 - 2.04 = 1.18; fc/qec = 1.18/2.04 = 0.5184

1.5184
7200

X (2.04 + 1.76)9 + (1.76 + 1.67) 17 + (1.67 + 1.43) 38
+(1.43 + 1.36) 21 + (1.36 + 1.31) 23 %+ (1.31 + 1.15)
26+ (1.15 4+ 1.03) 28 + (1.03 + 0.94) 30 + (.94 + .81)
35+ (.94 + .81) 35+ (.81 + .68) 40 + (.68 + .55) 50
+ (.55 + .40) 65 + (.40 + .31) 62 + (.31 + .19) 63 +
(.19 + .13) 96 + (.13 + .06) 106 + (.06) 48 =

Da =

882.85 x 1.584

S = 0.19354. (Equation 6)

lData for this example was taken from Table B-7, Appendix B.
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A study was made to identify a procedure for estimating hydrograph
recession characteristics from watershed and soil parameters. In this
study four particular characteristics were considered, namely (a) the
routing coefficient, m, (b) the slope of the recession curve, n, (3)
the intercept, C, of the recession curve for Da = 1, and (d) the value
of Da when q = 1.

The routing coefficient, m, as defined by Holtan (24) is

m = Da/q [24]

in which m is the routing coefficient in hours, Da is the average
storage depth in inches and q is the runoff in inches per hour corre-
sponding to that Da. Assuming a linear relationship between storage
and runoff, m can be computed if any value of Da and its corresponding
q are known. A preliminary analysis of rainfall simulator data showed
that the routing coefficient, m, is affected by the length of the plot,
the slope of the land, the coefficient S, and vegetative cover.

Length of slope determines the volume of water left on the plot.
Slope affects the velocity of flow and water surface profile. S is
used as an indicator of infiltration and soil characteristics, and
cover reflects both infiltration capacity and roughness of the field.
Since these four watershed parameters can be obtained rather easily,
it was assumed that if a good correlation could be obtained between
them and the routing coefficient, then utilizing a multiple correla-
tion, m could be estimated.

A multiple regression analysis was then conducted, and from this

the following equation was developed:
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n, = 0.24 10-274 ~0.131 ,0.189 S10.0535 1291

in which my is the value of Da when q = 1 is numerically equal to m in

equation [24]. The reason for using o, instead of m is that informa-
tion for defining recession curves usually is available in most of the
data sources. Figure 11 shows a plot of computed versus measured m.
The intercept of C of equation [8] usually gives very unrealistic
results, probably because it represents an extrapolation of the curve
and the doubtful assumption that the relationship continues to be a
straight line. In this manner m which is always present in the

recession curve, was chosen to represent the intercept. C was computed

from oy and n by the following equation:

¢ = alf/® (28]

Equation [28] results from substituting o, for Da in equation [8] and
making q — 1. From equation [24], when q = 1, Da = m, -

If m is already available, to reproduce the recession equation,
only n is needed. An analysis of the rainfall simulator data indicates
the n is affected by vegetative cover and S. Izzard's data (24), in
which § and cover are both equal to zero, indicates that n is not
significantly affected by length of run and slope of land. In view
of the previous findings, a multiple regression analysis was conducted

to correlate n to S and cover. The resulting equation is as follows:

0.013 5—0.19 [29]

n = 1.0CV 1

Figure 12 shows plots of computed versus measured values for n.
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Developing the Model

The development of the model was based on previous research with
rainfall simulators and hydrology of small watersheds. The tools used
were mainly taken from Horton's (18) rainfall simulator analysis,
Mockus' (48) runoff method and Holtan and Overton's (22,23) routing
procedures. Infiltration, being the most important factor affecting
the runoff hydrograph, was given the highest priority in the development
of the model. Most of the ideas used on infiltration relationships
came from Horton's work (18,19) and Hanks' Soil Physics class material.1

All phases of the model were synthetized on the Utah State
University's Burroughs 6900 computer and its built-in library. The pro-

gram for the model was written in Fortran IV.

First model

After some preliminary trials, a mathematical-numerical method
was developed. This model was based directly on Holtan-Overton's
routing method (22,23) and consists of four main sections as follows:
(a) an input section in which the input data are read, (b) a section to
compute recession characteristics, (c) a routine to compute rainfall
excess and perform the runoff routing, and (d) an output or writing
section. Figure 13 shows the flow diagram of the model.

The input to the model consists of watershed, precipitation, and
infiltration data as follows:

Watershed data. (a) length of plot, 1, (b) width of plot, w,

(c¢) slope, s, (d) vegetative cover, CV, (e) antecedent moisture

1 s .
R. J. Hanks, Soil Physics 565 and 614 class material. Department
of Soil Science and Biometeorology, Utah State University, Logan, 1973.
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condition, AMC, (f) soil type, and (g) bulk density (apparent specific

gravity) .

Precipitation data (a) storm duration, TP, (b) cumulative precipi-

tation array, PAC(I), (c) total precipitation, PT.

Infiltration data (a) infiltration equation or (b) equations to
estimate S and Ia, and (c¢) initial abstraction (only for tests).

Recession characteristics are computed by equations [24], [27],
and [28]. The routing section is the main part of the model. It first
computes precipitation excess by equation [23], then calculates average
excess precipitation, ;E, and performs the routing utilizing equations
[21] and [22].

The routing coefficient utilized in the model is m., which is

el
computed in the preceding section by equation [27].
Average excess precipitation is computed as:
;ez = (Pe2 - Pel)/Z [30]
in which
Pe = excess precipitation from equation [23] (in)
;e = average excess preciptitation (iph)
subscripts 1 and 2 refer to routing times.
Making
At
W e T o [31]
and
m= st

m + st 2 [32]
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By substituting equations [30] and [31], equations [21] and [22] become

IE 1

q, = (pel - pez) C1 + 9 C2 [33]
_som Il i

9, = (a3 +q)) €, +4q; C, [34]

The final section of the model writes the results and plots the

runoff hydrograph.

Testing the Model

The model was tested with data from several small watersheds at
Hastings, Nebraska and Waco, Texas. In Appendix B, all watersheds
utilized in testing the model are extensively described.

Because some of the data needed for the model were not available
for the selected watersheds, estimates were made. For example,
vegetative cover was evaluated on the basis of its density and some
coefficients suggested by Holtan (20). Potential infiltration, S,
was computed from storm data as:

2
X Eea
S = 0 Pe [35]

in which Pe = P - Ia (16).

Ia = initial abstraction, estimated from the hydrograph.

Q = total runoff, taken from the hydrograph

S could also be computed by the Mockus procedure (48), but
when sufficient information is available, equation [35] gives a more

realistic estimate. For ungaged watersheds, it is necessary to estimate

S by the Mockus method or some other procedure.
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Infiltration was computed from the hydrograph data and the reces-—

sion curve. The Kostiakov equation:
F=at [36]

was chosen because of its simplicity and applicability to situations
where data are not complete. Equation [36] is not recommended for
application over long periods of time because it assumes that infil-
tration continuously decreases. It is well established that the
capacity of infiltration rate eventually reaches a constant equal to
the saturated hydraulic conductivity. In spite of this limitation,
however, equation [36] yields realistic results for short time periods.
Sharp [44] developed a graphical method to estimate infiltration from
watershed storm data but it us a tedious and complicated procedure that
requires storms of more than one peak and the model of this study is
not intended to apply for complex storms of this nature.

Since equation [36] plots as a straight line on logarithmic paper,
it is assumed that if two points are determined, the equation can be
synthesized. The first point considered was Ia which is determined
directly from the hydrograph. The second point corresponded to the last
point in time on the hydrograph when the area subject to precipitation
was entirely covered by water. Since the only point in the recession
curve in which all the watershed is still covered with water is at the
end of rainfall, this was chosen as the second point. Cumulative

infiltration at this point is as follows:

Fer = PT' = Qer = Daer [37]
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in which

Fer = cumulative infiltration at end of rainfall

PT = total precipitation

Qer = cumulative runoff at end of rain

ba,, = (a, /0)M" [38)
where 9, is the runoff rate at the end of the rainfall.

With all values in equation [37] being known, Fer is then
computed and b of equation [36] is determined as

log Fer - log Ia

b = 758 TP - log Tis [39]

where TP is the duration of the rainfall in minutes and TIa is the

time to start of runoff, or time to Ia.
Fer
g== [40]
TE:

Equation [36], as used here, does not give infiltration but
rather total rainfall abstractions. Because Ia includes infiltration,
depression storage, and interception, its value cannot be taken as
accumulated infiltration up to the start of runoff. However, since
Fer also includes the same initial abstractions, equation [36] can be
assumed to be valid for routing purposes.

The model was tested with watershed data from Waco, Texas and
Hastings, Nebraska (46). Data are in Appendix C. The reasons these
watersheds were chosen were: (a) they were fairly uniform in soil,
cover, and geometric features, and (b) slopes were not so steep and

contour lines were moderately uniform.
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3. All watersheds have good rainfall and runoff data.

The objectives of the test were to observe the behavior and
limitations of this first model. Tests were designed to check the
following:

1. Accuracy of the model and to synthesize the runoff hydrograph.

2. To test the validity of using a constant value of the routing

coefficient, m.

3. To test the accuracy of infiltration estimates.

Initial trials were made to check point 2 (constant routing coef-
ficient). These trials were made utilizing data from events with small
unfiltration volume, to avoid discrepancies due to failures in infiltra-
tion estimates. Three different values for the routing coefficient were
utilized: (a) Holtan's routing coefficient, m, (b) m1 obtained from
equation [27], and (c) m1/2. The last value was included to test the
influence of a smaller m value on the shape of the hydrograph.

Holtan's routing coefficient, m, is computed from the recession
limb of the hydrograph as the time lag in hours from a value qa, to the
occurrence of another value equal to qo/e. This value should be equal
to the slope of the storage runoff relationship presented in Figure 5.
The value of m, should be equal to m as demonstrated in a previous
discussion.

Figures 14 and 15 present the simulated hydrographs obtained by
using the different values of m. An analysis of those hydrographs
shows the following:

1. Computed and estimated values of m do not give similar

hydrograph patterns.
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2. Routing with m, as the routing coefficient, gives a better

1
simulated hydrograph shape and and timing.

3. Smaller values of m give a larger and earlier peak.

4. All simulated hydrographs have a shorter recession limb than
the observed hydrograph.

5. Computed values of m give a shorter peak and a longer tail
which suggests that this value of m is larger than the true
value.

The second test was done to observe the variation due to different

infiltration patterns. The event of May 13, 1957 at SW-17, Waco,

Texas, was chosen for this test. Since this event occurred under

wet conditions, it could be assumed that infiltration rate was nearly
constant. Figure 16 shows the difference in hydrograph shape obtained
when using different infiltration values. It is observed that infiltra-
tion does not greatly change hydrograph shape and timing.

All previous tests indicate that the routing coefficient is more
responsible for hydrograph shape and timing than infiltration. Infil-
tration has more influence on the magnitude of runoff. Another obser-
vation obtained from the tests was that the routing coefficient is not

constant and that it probably should increase as storage decreases.

Second Model

The tests made on the first model suggested that the routing
coefficient was not constant and that, in order to reproduce the '"tail"
of the hydrograph, m should increase as runoff decreases. An analysis

of equations [33] and [34] clearly demonstrates that in the last part
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of the hydrograph, when runoff is decréasing, C2 should be large and
Cl small. In equation [32], it is noted that as m increases, C2
increases.

Regression curves of natural larger watersheds show the same
phenomena described before. To overcome the change of m, equation
[24] was introduced in the model, and then the routing coefficient was
computed for each new value of q. At the beginning of the routing,
since q is zero, a modification of equation [24] was developed by
combining the recession equation [8] and equation [24]. From equation

[10] Da can be defined as:

Da = (D [41]

m=22 [42]

After several trials it was found that there is a different
behavior of runoff in the rising and falling limbs of the hydrograph.
This is probably due to the hysteresis of the storage-runoff rela-
tions previously described. It was also found that using equation [42]
in the rising limb and equation [24] in the falling limb of the hydro-
graph minimizes hysteresis effects.

To compute Da, a simple application of the continuity equation
was used:

Da2 = Da1 + ADa - AQ

in which
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ADa = PE, - DE
AQ = qavel At.
Subscripts 1 and 2 indicate routing periods.

Equation [43] does not give an accurate value of Da, but it is only
utilized in the routing section to evaluate m.

Theoretically, the rising limb of the hydrograph ends at the peak
rate of runoff. The time to peak tp could be estimated by the time
lag between peak rainfall excess and peak runoff, this time lag is
usually very small for short watersheds.

Since the model is intended to be used with small watersheds and
time intervals At of 5 minutes, it was assumed that peak runoff will
probably occur at At after peak excess precipitation. For practical
reasons, this time was considered to be a time interval after q'
becomes smaller than q.

With all considerations previously explained, model II was
assembled. This model had all basic components of the first model,
except for the inclusion of equation [24], [42], and [43] in the routing
section.

The same data used in the first model was utilized to test model
IT. The only modification in the data was the adoption of a different
relationship to compute Daer’ because equation [38] was found to give

some unrealistic values. A modification of equation [6] was utilized

to compute Da :
Da [( ) l] Qer [44]

Figures 15 and 16 show the sensitivity of the model in simulating

peak runoff, time base and time to peak. From these graphs, it is
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observed that the model is more sensitive in the lower values of slope
and length of run. This is very important because surface drainage is
required in very flat lands and for a faster removal of excess water,
length of run has to be generally short.

Figures 17 through 20 show different hydrographs from four small
watershed events. Comparing the results of these tests with those
of the first model, it is clear there is a great improvement in hydro-
graph shape and timing. This test also proved that infiltration esti-
mates utilizing potential infiltration S as an indicator of
infiltration, gave better results than any other infiltration method.

After the model was considered to be sufficiently tested for its
accuracy in synthetizing the runoff hydrograph, a series of sensitivity
tests were performed. Those tests included:

1. Sensitivity to length of run changes

2. Sensitivity to slope changes

3. Sensitivity to infiltration changes

4. Sensitivity to cover changes.

Figures 21 to 24 show the results of those tests. All tests
indicate a good response of the model to changes of soil and water-
shed parameters and the resulting simulated hydrographs showed a
logical behavior. Increasing length of run causes a smaller peak
and a delay in the time of peak. An increase in slope produces an
earlier and larger peak rate. Vegetation or cover changes a delay
in the peak and a reduction in peak rates. Infiltration changes

affect the magnitude of the peaks and total volume of runoff.



L} ERI )
v
N
v
P
F
0
B
H
£ 2.600
R
v
£
e
A
N
9
< la800
e
L
»
v
i
3
0
» le200
i
’
L
Ceb000
~all9E~10
Ce
Figure 17.

RUNCHF NYDRGWRAPA P QN wS=Sa=17snACOeTEXss MAY 1351957

‘
1
|
|
1
I
|
i
1
I
.
I
1
!
1
1
1
1
1
1
.
1
|
[}
i
1
|
|
I
1
.
1
|
¥
]
1
]
1
)
i
-
I
I
1
I
|
1
1
1
|
.

33

.- -y
h - Computed
j | —Observed
|
—
¥7400 19440 29140 386.0
ELAPSED TIME In MInUIES
LEGEND QCCMPRanep ©085%ess

Simulated and observed runoff hydrograph for event May 13,

1957 at SW-17, Waco, Texas.

Data from USDA (46).



54

KUNOPF HMYDROWRAPR PCR MWS=3nsnASTINGS»NEB.sMAY 1551960

R 34000 .
v 1
~ 1
[ |
¥ )
f I
1
o '
3 I
s |
€ 24400 .
K |
v )
k |
[ 1
|
A I
x |
0 1
|
€ 1600 .
] |
N 1
3 1
v i
T |
I3 1
? |
|
! \
i 14200 - |
i |
[ 1 |
L] ' J
.
i |
H ;
'
|
1
046000 .
! |
1
1
|
|
|
1
1
1
*a1819E=1000 usnnnnnnnt il
SR SR
0 10040 20040 30040 40040 '

ELAPSED TIWKE IN MINVTES
LEGEND QCOMPBwwey c0pSmy,,

Figure 18. Simulated and observed runoff hydrograph for event May 15,
1960 at WS-3H, Hastings, Nebraska. Data from USDA (46).



“a1819E"10%.,

34000
L}
v
n
v
’
¥
0]
6
3 2400
£
L}
v
£
0
A
N
0
1,800
¢
u
L3
v
v
T
t
0
o 1,200
i
H
n
c.6000
Figure 19.

55

KUNCFF MYDROGRAPR PQK WS*Snl7swALU» TEXAS#APRIL 2421957

x—'Observed

}

|
.

|

.'
I}

- e e EEmEE e, m— d — . r e fmm— - = 4 = —— —— ——— 44

- . .
0. 98400 19640 29440 vz

LEGEND  QCOMP®wwee  GOBS®

Simulated and observed runoff hydrographs for event April 24,
1957, SW-17, Waco, Texas. Data from USDA (46).



" 34000 .
v I
N |
0 1
F 1
F !
}

o 1
] |
3 1
E 24400 .
R I
v 1
£ ]
0 1
|

A ]
N 1
0 I
I

< LI 57
Q )
X |
5 1
v 1
T 1
£ 1
o 1
I

1

. 1200 b
1 I
. |
" i
- |
1

1

1

1

1

Qv6000 .

|

|

1

1

1

'

1

i

1

*olglgE=10e e,

56

KUNOFF HYDROGRAPH FOR AS=Pls MACU» TLXASs JUNE 25+ 1v6l

0. 49480 9900 149.4 1992

ELAPSED TIME IN MINVTES 3
LEGEND  QCOMP=eses ~ GCOGS®ess

Figure 20. Simulated and observed runoff hydrograph for event June 25,

1961, at P-1, Waco, Texas. Data from USDA (46).



57

2.0.
1.6.
Pe 1,62 4n.
1~ 1000 ft
Cv= 90 %
5=0.310
=101 —0
0.5 -~
0.1 —sse
0.05 —o—a
1.2 0.01 —4—4-
Z
S
Z 0.6
w
"
o
=
>
= 2
0.4
=
& "8 3
=% 83 o
£c S
53 ng a
2R 398
Re an =
0.0, =
oo

Figure 21.

3 4 s eren =3

TIME( min.)

Simulated runoff hydrograph for different slope values.




58

Figures 17 through 20 show different hydrographs from four small
watershed events. Comparing the results of these tests with those of
the first model, it is clear that there is a great improvement in hydro-
graph shape and timing. This test also proved that infiltration
estimates utilizing potential infiltration, S, as an indicator of
infiltration, gave better results than any other infiltration method.

After the model was considered to be sufficiently tested for its
ccuracy in synthetizing the runoff hydrograph, a series of sensitivity
tests were performed. Those tests included:

1. Sensitivity to length of run changes

2. Sensitivity to slope changes

3. Sensitivity to infiltration changes

4. Sensitivity to cover changes

Figures 21 to 24 show the results of those tests. All tests
indicate a good response of the model to changes of soil and water-—
shed parameters and the r;sulting simulated hydrographs showed a
logical behavior. Increasing the length of run causes a smaller peak
and a delay in the time to peak. An increase in slope produces an
earlier and larger peak rate. Vegetation or cover changes causes a
delay in the peak and reduction in peak rates. Infiltration changes

only affect the magnitude of the peaks and total volume of runoff.

Application of the model to

surface drainage system

Design of surface drainage improvements consists of the
determination of such design characteristics as (a) collector drains

capacity, (b) drain spacing, and (c) land grading requirements.
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Figure 25.

Idealized surface drainage system layout.
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b. Physical properties of soils

c. Hydrological soil group (A, B, C, D)
Crop flooding tolerance data
Topographical data

a. Planimetry

b. Altimetry

c. Outlet conditions

With all these basic data, three main sets of computations have

to be made. The first one will be the determination of the design

storm; second, infiltration patterns; and third, the watershed runoff

characteristics.

1.

Design storm. The design storm will be selected, taking into
account: (a) frequency, and (b) duration. The frequency

of the storm will be decided on economical consideration. The
duration of the storm will be chosen according to the crop
tolerance to floo&ing, taking into account prevailing
temperature conditions.

Infiltration patterns. Infiltration measurements and/or soil
physical characteristics will be utilized to determine the
infiltration pattern to be expected for a given set of condi-
tions under which a storm is supposed to occur. In the event
that pertinent information is not available, the SCS method
could be utilized, always having in mind the limitations of
the procedure.

Watershed runoff characteristics. These will be determined
from soil, cover, and topographic parameters. The model has

a built-in capacity for computing these characteristics.
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The model will then be fed with those three sets of values and a
runoff hydrograph is produced. After this, a technical-economical deci-
sion has to be made regarding the duration of the runoff hydrograph and
the crop drainage requirement previously decided. If an adequate
drainage is not reached under the present circumstances, a topographical
change has to be made and another simulation will be performed; this
will be repeated until an optimum design is obtained. Figure 26 shows

a flow chart of all mentioned steps.

Some assumptions and considerations

regarding surface drainage design

It will normally be impossible and uneconomical to design a system
for an optimal surface drainage performance under all conditions.
Because of this, some practical considerations and assumptions have
to be made.
1. Soil moisture at the time of the designing event is considered
to be at a point between field capacity and saturation. This
will correspond to AMC III of the SCS method (48).

2. The design storm will have a frequency of 5-10 years (10-20
percent) .

3. Drainage requirement will include crop resistance and farm

tillage requirements.

4. The design storm is assumed to be single-peaked.

5. For the initial trial, drain capacity will be estimated by

the SCS (49) method.
6. Initial surface condition will be considered as smooth.

This will be the minimum land surface improvement.



l Climatological Data 7 [Soils and Crop Data ] Topographical Data l

o : 1

Precipitation Drainage Req.
L Depth-Dur-Freq J I(Flooding tolerance) Infiltration Pot. Wat. Runoff Charac.
]

I '
Design Storm ‘l

A
e

Simulation Model

I Runoff Hydrograph

Figure 26.

L Surface Drainage ] \
l
— —

J[jecmi:::l,;ais 1cal |_ - Topography changes

I Final Design 1

Steps in surface drainage design.

99



67

7. Topography changes should start with those characteristics
more easily to be implemented such as outlet capacity and
spacing. Only if these changes are not sufficient, slope
change will be attempted.

8. Spacing of field drains should be selected in such a way as
to permit a reasonable farm machinery operation and to obtain

a uniform plot size.

Practical Application of the Model

To test the model applicability to real surface drainage design
problems, an area of flat land in the Venezuelan Llanos was selected.

The main characteristics of the area are:

The area

General. The problem area is located in the Portuguesa State on
a recently developed agricultural area which is mainly cultivated with
corn, cotton, rice and sesame seed. Surface drainage is one of the
limiting factors to more intensive agriculture.

Topography. The general topography is nearly level with slopes
ranging from 0.05 percent to 1.0 percent. The micro-relief is very
irregular with many small depressions.

Soils. A recent soil survey shows that soils are inceptisols and
and are classified as: vertic tropaquepts, fine, mixed, isohyperthermic.

Land use. Most areas are cropped to corn and rice. Corn is
cultivated in the less affected areas and rice in those areas with

severe surface drainage problems.
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Nature of the problem. The problem is caused by high precipita-

tion and heavy soils. Surface depressions aggravate the situation.
Some experiments in the area have proven that surface drainage could
improve corn yields about 200 percent.

Hydrology. Annual precipitation ranges from 1000 to 1500 mm.
Precipitation in the corn growing season ranges from 734 to 1342 mm.
Individual storms reach values of more than 90 mm with durations of
6 to 12 hours. Table 2 and Figure 27 describe some climatological

values for a nearby climatological station.

Design parameters

Considering all the information in the area, it was decided
that the design was to be made based on the following criteria:

1. Slopes: Maximum, 0.2 percent

2. Length of run: To facilitate land preparation and other
tillage practices a minimum length of 150 feet was adopted

3. Design storm: A design storm of 12 hours duration and 5
years return period was selected (Figure 27)

4. Maximum time for drainage was selected as 12 hours

5. Infiltration: To estimate excess precipitation, the Soil

Conservation Service method (49) was adopted

Surface drainage simulation

With the design parameters, several trials were made to represent
some combinations of slope and length of run. Results are presented
in Table 3 and Figure 28. From these results it was established that

optimum design is that which combines a length of run of 330 feet and



|
).

69

s 140X

N,

V7 ¢ «Accumulated _Precip
Total Precip

Accum. Time

T

PERCENT OF TOTAL DEPTH

1 s 2 25 3 4 5 6 L] 10 5 23 -
PERCENT OF TOTAL TIME (TH)

Figure 27. Design storm for Agua Blanca, Portuguesa, Venezuela.
Return period = 5 years.



Table 2. Mean values of some climatological factors for Majaguas and Agua Blanca, Portuguesa, Venezuelal

\

Item Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Precipitation
(mm)

Majaguas 8.1 5.4 4,2 43.3 19.15 224.6 224.0 159.3 166.1 91.5 186.1 43.3 1347.5

Agua Blanca 13.4 8.6 13.6 80.0 180.6 250.0 256.0 200.0 168.8 131.1 81.1 40.0 1432.2

Evaporation

(mm) * 223.4 244.6 293.6 239.6 169.2 139.0 140.6 141.7 142.1 164.1 168.5 197.0 2263.2
Temperature

(c)* 26.8 27.8, 28.5 28.9 28.2 275 26.8 27.4 o 27.1 278 27.6

*Majaguas station
See Footnotes 1 and 2, page 73.

0L



Table 3. Simulated variation of total. runoff and time of runoff

with slope and length of run

71

Length RO oP TP T DA Veloc.
Slope of at at
Run (ft) peak peak
150 90979 2495, WAGE 645
330 2.971  2.18 50 720  0.821
01465 465 25970, & st LRGSR
660 2.970 2.11 50 790
0.001 150 2.973  2.28 40 605
330 2.972 2.22 45 675
465 3,971 2:19 - 45 710 .817
660 2:970, | 2.16 = 50 " 745
150 7,976  2.38 30, 510
%01 330 2.973 2.33 35 555
495 2507908 ot TR I o
660 21978 2.23 | W40 | 605

lDesign parameters

S = 1.60" PT = 4.00"
Sl = 0.989" TP = 360 min.
CV = 10% DT = 5 min.
Precipitation is given by:
PAC(T) = 14.0%1H" ®%%pT/100

PAC (I) = 61 x TH0'13*PT/100

T < 15, 5% of TP
T > 15.52 of TP
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a slope of 0.05 percent. For steeper slopes a greater length of run
could be used (see Figure 28).

Marcano, in a nearby experimental station, found that a length
of run of 57 m (173 ft) with a slope of 0.8 percent was adequate for
disposing of excess run-off water in a corn experiment.1 De Leon,
evaluating Marcano's data found that the surface drainage system was
overdesigned and because of that corn yields in dry years were lower
than the expected. In further analysis, De Leon found that the design
was made for a 12-hour storm with a return period of 10 yeats.2

To compare the above data with those obtained with the model,
the 10-year storm, when correlated with the 5-year storm, was found
to be equivalent to a 5 year-7 hour storm. According to Figure 28,
the length of run for this storm (540 minutes) and a slope of 0.8
percent is 200 feet, which is close to Marcano's 173 ft (57 m).

The results show that the model may provide an acceptable criteria

on surface drainage design.

1Marcano, Filipe L. Mejoramiento del Drenaje Superficial de Suelos
Pesados para la produccion de maiz. Foremaiz, Venezuela. Unpublished
report, 1975.

2De Leon, Alfredo. Evaluacion de un Sistema de Drenaje Superficial
en los Altos Llanos Occidentales de Venezuela. Unpublished report,
1976.
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DISCUSSION AND CONCLUSIONS

The results from the tests made on the model indicate that it
could be a useful tool in simulating surface drainage design alterna-
tives. Limited sensitivity to slope and length of run changes does
not indicate that a model fails to simulate those changes; actual data
from small agricultural watersheds indicate that it is what happened
in nature. One limiting factor in simulating runoff hydrographs is
the estimation of infiltration; the soil conservation method developed
by Mockus (48) seems to be a fairly good approach to substitute infil-
tration estimates in the cases of wet antecedent moisture conditions.

Estimation of recession curve characteristics by using equations
[27] and [29] does not give an accurate measure of the real values,
but for routing purposes they are probably acceptable. In most cases
they are in the range of measurement accuracy. Moreover, measurements
of those recession characteristics will require very bulky equipment
and a large number of determinations.

The model proved to be fairly accurate in simulating runoff
hydrographs for single-peaked storms on homogeneous, rectangular, small
agricultural watersheds under wet conditions. Those conditions are
similar to those for which surface drainage is designed. Although the
model was not intended to estimate peak runoff, it gives a very good
measurement of peak magnitude and timing. Applications of the model
to dry conditions are subjected to more accurate infiltration esti-

mates.
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It is possible that if more controlled and diversified rainfall
simulator trials are made, a better relationship of recession character-
istics and soil parameters could be found. The parameters used in the
model were those common to all data and, therefore, were limited to
four. Future experiments should include more variety of slope and
length values, more accurate vegetation estimates and more soil para-
meters such as soil moisture, bulk density, saturated hydraulic conduc-
tivity, soil textural analysis, organic matter, etc.; some of those
parameters are commonly evaluated in detailed soil surveys.

One of the most interesting things observed in the tests is the
fact that water removal is possible even with a very flat slope which
demonstrates that the main obstacle in a rapid removal of excess water
is not slope, but a lack of an appropriate water disposal system. It
is to be noted that the tests were made assuming a fairly smooth
surface and that the design supposes that at least a land smoothing
job has to be made.

It is suggested an improvement in the Soil Conservation method
here described be made to obtain better infiltration estimates under
dry conditions. Most of the research in infiltration is directed
toward an application to irrigation, but with the increasing demand
for agricultural lands, surface drainage could be the key to opening
new agricultural frontiers.

The following conclusions resulted from this study:

1. The developed model proved to be adequate to simulate surface

drainage alternatives.

2. The model is limited to:
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a. Single-peak storm events

b. Homogeneous rectangular plots

c. Wet conditions

The most limiting factor in successfully applying the model
is infiltration.

The model could be improved if additional rainfall simulator
experiments are conducted.

Tests on the model indicate that surface drainage problems
are probably more affected by micro-relief conditions (depres-—
sions) than by flat slopes.

Land smoothing and proper surface ditch network design should,
in most cases, solve waterlogging problems.

In spite of not being developed to estimate peak runoff, the
model could be utilized successfully in estimating peak run-
off from small plots.

All parameters used in the model are easily obtained. In the
event of the absence of a detailed soil survey, these para-

meters could be estimated or measured directly on the field.
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SUGGESTIONS FOR FUTURE RESEARCH

The importance of surface drainage for agricultural development

in humid tropical regions and the findings of the model described in

this report suggest the following future research topics:

1

Rainfall simulator studies to better understand the infil-
tration and hydrological characteristics of small agricul-
tural watersheds.

A more detailed study of recession characteristics of
agricultural plots.

Agroeconomical studies of surface drainage benefits for
long periods of time.

Soil moisture balance under various surface drainage patterns.
Hydrological regional analysis of surface drainage improve-
ments.

Socio-economical impact of surface drainage improvements in

humid tropical areas.
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Table 4. Computer program name for different variables and parameters
in the model.

Symbol in text Computer name
A
a FK
b FN
(o RK
cv Ccv
Da DA(I)
F XF
f FR
fc FC
L XL
XLP
m XM
ml XM1
n RM
ACP(T)
Pe PE(I)
BT PT
pe PAVE(I)
Q AROFF(I)
qd QDES
q Q(T)
S S
s SG
P TP
tp TPEAK
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B6700/B7700 F ORTRAN COMPILATION MARK

|

e e e R e R e e e N e e R e R R N e N e N R e N e e N T W e W B )
| )

MOOFL FOR RUNOFF HYNROGRAPH SIMULATION ON SMALL AGRICULTURAL
WATFRSHEDS» USING ROUTING PRNCFOUKES AND WATERSHED AND SOIL
PARAVETERS

R IR R R R R e s R A R S SRR R R R S 2 )
PT= TOTAL PRECIP,

RO=2 TOTAL RUNOFF

S= POTENTIAL INFILTRATION (S4CaSe) INCHES

QDES= COLLECTOR DRAIN CAPACITY (IPH)

TP= RAINFALL DURATION IN MINUTES

0T= TIMF INCREMFNT IN MINUTES

FC= CONSTANT RATE OF INFILTRATION

Slz nS* FOR BARF SOIL

XIA = INITIAL ARSTRACTIONS

TxIa = MEASURED TIME TO RUNODFF START

Cvs VEGFTATIVE COVER 3

SG= SLOPE OF LAND FT/FT

xL= LENGTH OF PLOT

W=WIDTH OF PLOT

PACEI)s ACCUMULATED PRECIP: INCHES™
QR(I)= CBSERVED RUNOFF IPH

KO= TITLE CF GRAPH

T0= x AXIS TITLF

Y AXIS TITLE

RMs EXPONENT OF RECFSSION CURVE
XMis ROUTING COFFF. FOR Q=1

RK= INTERCEPT DF RECe CURVE FOR DAsl
XMe ROUTING COFFICIFNT

RR(I)= PRECIPITATON RATE IPH

PECI)= PRECIPITATION EXCESS

S=CN = "S" ESTIMATED FROM SCS “CN®
DA= STORAGE IN INCHFS R
0(Iye COMPUTED RUNOFF IPHM
DCCI)=DESIGN RUNOFF

L R R R e e

|

|
|

i

“DIMFNSION T(1000)sPF(1000),6¢1000),PACC1000)»PAVEC1000),
10C(1000),AR0FF(1000YsDAC1000),0R(1000),A¢1045),TDC12)50D(9)»
1HD(12),01(1000)»02(1000)»RR(1000)»00(1000)
C L A R A R R AR R )
(4 INPUT DATA
READ (5,100) PTsRO+SsQDES»TPsDT»FCsS1aXTA»TXTASCVISGaXLAN

100 FORMAT(G4F643,215,3F60352145F7442215)
__ READ (5,80) (PAC(I)»123530,2) X LA L
I READ (5,80) (QR(I)»I123,84s2)

80 FORMAT (13F6,3)

_ DATa A/1045%! 7 ] WL 0 B IR,
REAN(S»991)HD»TN,Q0

991 FORMAT(1246)

£ R R A R R R R A R R R A R R A A R R A R AR R SRR R R s 2]

WRITEC65200)

200 FORMAT(C10X» 'COMPUTED RUNOFF HYDROGRAPH'!)
WRITF(6,300)
300 FORMATCIX,"DATAYS2Xs 'PT s4Xs RO’ .3x.'c~-s'.3x;'ons'.3n.'rr'
14X DT Y5 3Xs 'FC ouXs'S1%a3Xs ' TAYS2Xs ' TIA S3Xs1CV 23Xs'56"43X0
= L ONG % 2 X PHTR LY
WRITF(6,400)

Figure 29. Computer program for the surface drainage model.
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400 FORMATCZX, "IN',ux, 'INY,3Xs Y INY 23X, PIPHY,3X) 'MIN?,3X, 'MIN',3X)
TVIPHY X, VINY S aX s VIN'S2X MINY 44X, P2 53X 'F/F Y S aXa 'FTYR3X, 'FTY)
0 WRITF (85101) PT,RO»S»Q0ES»TPoDT2FCsS1oxTATXTASCYSSGaXLIN
101 FORMAT(SX»4F643,21523F6439214,F744,215)
c INITIAL CONDITIONS
QFIN2C,001
PAVF(1)=0
DAC1)Y=0
- QR(1)=0
T(1)=0
PE(1)=0
Q(1)sC
eCt1)=0
DC(1)=0
T PACC))=0
: AROFF(1)=0
RR(1)=0
— ¢ PRELIMINARY COMPUTATIONS
ANGA=ATAN(SG)
DEN=SIN C(ANGA)
[ XNUM=(XL#SG/6)#x0:%
SG*S6*100
N=250
AREAzXL*W/043560
DTT=nT/60
IF ¢RCJLEWO) GO TO 3 ! ol I ol 5
[ Se((FT=XIA)*w2)/RO=(PT=XIAY
60 10 2
1 XI&=042¢S
———2 C0=n,028
Clan,274
C2==0.181
——7 RARA1EY
C42=040535
XW1=COxXL#aClaSGaaCPaCVauC2uS1a2Cs
= RM=1,08+CV*##+(0:013)+S12%(=0419) R
RK=1/XMiexRNM
RMI=1/RM
[-——— BDA=¢CFS/RK = .
IF (cDFSeLE«O) RDA=?
DAF=RDA=aRNMI
4 EXCFSS PRECIPITATION COMPUTATIONS
D0 10 I=2,N
TC1)aFLOAT(I)eDT=DT
i T IF CTCI)WLTeTPLANDPACCINALF40) PACTT)=(PACCT=1)ePACLT+1))/2
IF CORCINWLESO) OR(IDa(QR(I=1)+QR(Ie1))/2
RRC1)=(PACCI)*PAC(I=1))/DTT
IF (TCI)4GESTP) PACCIY=PT
IF ¢xJAsLE.OANDTXIALLEWO) GO TO 3
C PRECIPITATION FXCESS COMPUTFD FROM INFILTRATION EQUATIONS
(-5 XF CAN BE SUBSTITUDED BY ANY CUMULATIVE INFILTRATION EQUATION
XFaT(l)weaFNeFK
PECT)I®PACCI)=XF
IF (PACLIDWLTaxIA) PECI)=0
IF (PACCIDWLTeXF) PF(I)=0
IF (PECI)LT40) PECI)=0 : i
GC T0 &
[ PRECIPITATION EXCESS COMPUTED FROM "S" VALUES
3 PEX=PAC(I)=XIA
— i IF (PEX.LT.0) PFX=0
PECI)SPEX*22/(PFXe*S)

Figure 29. Continued.
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o

o

T

10
12

500
550

60

o

700
109

IF (PEXJLT40) PE(CI)=0

IF (PAC(I)JLTuxIA) PECI)=0

IF (PECI)eLTW0) PECIN=O
t"tt't'--titt.'q"'..'tttlt"t.'.‘l"'l.t'..tt""t‘i."""'!".
ROUTING SECTION

PAVF(I)=(PECI)=PF(I=l))=60/0T

IF (PAVECI)LT40) PAVE(I)=O |
DDA=FE(I)ePE(I=1)

IF tpDAJLT.0) DNA=0

DACIY= DA(I=1)+NDA=ROFF

XLP=xNUNeDAC(I)ws045/DEN

FRaFC*XLP«DTT/xL

IF (CDES4GT«0sANDSTC(I)4GTTPIDACI)2DACI)=FR

IF €oCI=1)4GE«14004ANDWDACTI=1)LToxM1) DACTI=1)uxM]

IF (TCID4LToTP.aND«DACI)eLF20) GO TO 10

IF (TCIDWGEWTPLANDJDACI)GLEWO) GO TO 12

CMEN=G(I=1)+0C(I41)/2

XvanA(I)wel1=RM)/RK |
IF (0CCI=1)uLT.0(I*1)sANDJOMFDLGT40) XM=DACI)/OMED

IF €TCI)aGT«TPLANDJQMEDGT40) xM=0ACI)/QMED
Ci=nTT/(XM+DTT)

C2=(XM=DTT)I/(XM4DTT)
QC(II=Cin(PAVE(I)*PAVE(TI=1))C2+0C(I=1)
QCIYsC1e(QCCI)e0C(I=1))4C2#0CL=1)

IF (0OFS.LE«0) GO TO 5

IF (oCI)sLEZGDESJANDGDACI)WLESDAF) GO TO 5
DG(I)=0DES

GPEAK=QDES

QAVF=sCDES

ROFF=QDES*DTT

ARDFFCI)=AROFF(I=1)+ROFF

G(I)=QDES g Toes A : .
a0 T0 7

IF €0CI)uGTe0eANDLQCT=1) LELOsANDaTCI)(LT4TP) TROFFaT(I)

IF €0CI)WGT4G(I=1)) OPEAK2QC(I)

IF €cCI).ECIOPFAKANDQCI=1)4LT+QPEAK) TPEAK=T(I)

IF €1CI)4GT TPEAKGANDLQCID4LTo0QPEAK) TRECST(I)=TPEAK
CAVF=2(0CI)eQ(TI=13)/120

ROFF=CAVE*DT

IF €eOESVGT¢OsAND,OCI)sGT4QDES) Rurr-oo:s-DTT

AROFFUI)=AROFF (I#1)+ROFF |
ROFF=QCI)*DTT
.0oCIY=0(l)

IF (COFS«GTVOAND4QCID4GTHODES) DOCI)=ODES
TENDeT(I)

IF €TCI)aGTaTPyANDOCTI)oLTeOF INGANDWDOCI)oLT4QFIN) GO TO 12
CONTINUE

N=(TFAND/DT)+1

WRITE(6,500)

FORMAT(4X»*C1'yax,"C2%55Xs'S")

WRITE (65550) C1,C2,S

FORMATC(1X,3F643) =

WRITF(6,600)

FORMATCIXs " TIME 52X *ACP Y2 3%s 'PAV 54Xs'0C ,4Xs'00"»4Xs QR 3Xs
1YARNFFY,3X, DAY, 45X, 00")

KRITF(6,700)

FORMATC2Xs 'MIN' 3%, "INV, 3Xs "TPH 03X ' IPHY 33X, VIPHT S 3K VIPH S 4Xs
1VINY,S5x, VIN',3x, VIPHY) |
FORMAT(1X)15,8F643)

WRITF €65109) TCI=13sPACCI=1),PAVECTI=1),0C(I=1),0¢1=1),0R(I=1), J

1ARCFF(I=1),0A(I=1)

Figure 29.

Continued.



21
980
990
997

[ 998

25
26

999

WRITF(65980)
foauATcax.-er'.ax.'Fx'.zx,'xmal',ax.'xu'.ax;'Rn’.nx,‘Rn',sx.
RK ')

KRITE(65990)FNaFKsXmLsXMaROSRMHRK

FORMAT(1X26F6435F842)

WRITF (6,997)

FORMATC1X» "TROFF ' 2 1xs *TPEAK s 1xs "TREC'»1Xs *TEND ' »1Xs 'QPEAK ")

WRITF(A,998) TROFF)TPEAKsTREC,TENC,QPEAK

FORMAT(1Xs15,1%0315:F643)

IF (0DFSJLEWO) GN TN 25

CALL PL360 (NsAsT,153125,T05D05042240,005HD,»=1092)

GC TO 26

CALL PL36C (NsA3T»153125,TDs0s0+2240200,H0s=1092)

CALL PL360C (NsA»T,153125,TDs0R50422.0,00sH0,1075)

WRITE(65999)

FORMATC(70X» 'LEGEND'»3Xs 'OCOMP=ws#w?,3X, 'Q0BS20,04")

sTCP

END

Figure 29. Continued.
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v

(S
s

30

SUBRCUTINE PL360(NsA»A»XMIN,XMAX2ALABEL»YsYMIN, YMAXSYLABEL #HEADS

INSYm)

UIMENSICN

LOGICAL XLCuL»YLOGG
CIMENSICN AC1043)
IFLAG=0
IF(NSTM.LTWG) IFLAG=1

IFINSYMJLTC) NSYM==NOYM
KLOG=oFALSE

YLOG=eFALSE

IF (NSYM oLTs 1000) GU TU 20

IF (NSYM oGT. 20C0) GO TO 5

NSYM = NSYK =1000

XLOG = JTHUEs

G 10 20

IF (NSYM 4GT. 3000) GU TC 10

NSYM = NSYM =2000

YLOG = JTRUEs

GC TC 2¢

NSYN = NSYM =3000 ot b
XLOG =+TRUE.

YLOG =4TRUE.

pC 22 1=1,12

ACI+3) = HEAD(I)

CONTINUE

CC 24 1=1,1¢ L B

ACI+1011)= XLABEL (1)
CUNTINUE

KK =3y

00 3¢ I= 1,53

Il=1=1

N2e_ Tl E ey = =t it

N1=(6" MOu(lisg)) = 8 =1

ACKA) = CONCAT(A(KK)sTLABEL(N2)»3isN1+8)

KK= KR #19 : =
CONTINUE

IF (.NOT. YLOG) GO TO 100

YLMAX = ALCG1O(YMAX)

XC1) s XLABELCL2027C1)» YLABEL(Y),HEAUCLR)

YLMIN = ALOGLOCYMIN)
TEMPY =(YLMAX = YLMIN)/S0
YROUTS = (YMAX/YMIN)#*,2
XX = YMAX

U0 50 I = 40,990,190

_ACI)e XX e Soa ) Bo - NAEEE WSTRLY o |
XX = XX/ YRCGTS
CUNTINVE
GC YO 200 e
TEMPY =(YMAX=YMIN)/5C
YINV = (YMAX=YMIN)/S
XX = YMAX — SR e
D0 150 I = 40,990,190
ACL) = xx
XX = XX = YINV
CONTINUE

IF (4NOT. XLOG) GO TO 300
XLMAX = ALCulO(XMAX)
XLMIN = ALCGLlO(XMIN)
TEVFX = (XLMAX=XLMINI/100

_ XROUTS = (xMAX/XMIN)*=.2

Figure

29. Continued.



XX = AMIN
LG 250 1=1¢ce?,1032
ACl) = xx
L XX = XX = XKOUIs
250 CONTINUE
G0 18 4«00
300 TEMPXx = (aMAX=XMIN)I/1U0
XINY =(XMAX =XMIN)/>S
XX = XMIN
D0 35C I=1Ce¢7,1032
ACI) = xx
XX = XX + XINV
350 CONTINUE
460 CO 83U I =1,N
IF (YCL)aGTafMaX) Y(I) = YMaX
YY = f(1) = YMIN
1P (YYilTe @ Y Yy = 0
1F (YY.EGe 0 ) GO Tu 420
IF (JNOT. YLCOGL)GO TO 420
YY = TYeYMIN
YY = ALLGLECYY)
i YY = YY =YLMIN
420 YY = CYY/TEMPY)+.S
IF (XxC1)aGTaXxMax) X(I) = XMAX
XX = X(I)= x¥in
IF (XA4LTeC ) Xxx=0
IF (XX EQsQ ) GU TuU 440
IF ¢ NOT.XLOG) GO TU 440 _

XX = XX + XMIN
XX = ALOGI0(XX)=XLMIN
440 XX = XX / TEMPX
(4 LINE ADDRESS
Iyayy
_lYaso=Ty. _._ B - =
KK = (1Y » 16)e 41
Ix=xx

K1 = (6=MUD(IX,6))%6 =1
ACKK) = CONCAT(A(KK)SNSYM,K1,57,8)

KK = KK +(IXx/6) T e N RN S S e

90

800 CONTINUE L
ACl) ='1 !
IF (IFLAG.EQ.1) RETURN

1042 CONTIMNUE
ARITE(6,1043)4
] 1043 FOIMATC(19A6) S,

IF (A02027) =A(1031))1041,1042.10048 —

00 4 l=1,1045
& ACl)=! L]
= [ y RETURN

<
1041 CONTINUE
hRITECC»1006)CALL 1210382

1006 FORMAT(ZA6,4X21746)
ARITEC6,1005)

ARITEC6,1007) (a(l)sl= 39,968)
1007 FCRMAT(ALLGllesstPe,16A60A5,10¢ /
- i 2h6s3%,1H1516A65A5,10) 7
z 2h6s3Xs1H1»16A62A5,1H] /
3 2A623Xx,101,16AK62A5,101 /
4

1009 FORMAT(16X51H?, S{lyH~emvecnacncncunmcan, 1x+))

. 2K653Xs1A1516A62A5,1H1 / ZA603Xs1H1216A6,A5,1HI

2A623X»1N1s16R6,A5,1HI
2A623Xs HIS16A6,A551H1
2h623Xx21H1216A65A551H1
2A6s3Xs1M 1216465455 1H1

N NN N

Figure 29. Continued.



WRLTE (6,1C05)(A(1),1=989,1007)
1005 FORMAT{RG,Glla4s1H*16A65A5,1H¢)
¢« KRITE (6,1CC8)CACI),I = 1027,1032)
1008 FORMAT(16K, 1He, 3(l9Hec=eccecccccanmccan,lne) /
1 12%,6114453(9X0G1104)/)
WRITE (651008) (ACL)s1 =100b,1026)
0C 3 l=1,1¢45
3 all)=' Y
RETURS
Enk... END =

Figure 29. Continued.
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COMPUTeY RUNUFF
PT L0} CN=S

LN IR R 3

1

TIME
MIN
0

&

10
15
20
25
|30
35
40
45
50
55
60
65
70
75
1Y
&5
90
95
100
105
110
135
~120
125
130
I £
140
145
| 150
155
160
165

44360 Ce310 0

< $

0e016 04967 Cu310

ACH Fay <
In IPH
04000 0.0uU0
Cel72 04733
Ce343 lodsc
0:56% 2.25¢
0e795 2Zab4s
0e¢901 14850
10126 1.882
14209 04952
14292 04957
14312 04231 Ce798
14332 Ce231 Cebk36
1435C Ce203
12367 04202
1e384 04191
14400 0191
1.419 Ca215
lel4s?7 0.2i15
1459 0.25¢C
le4EQ 04250
14497 Va192
10512 04352
14531 042C4
Le548 0204
14507 Gazlé
14585 04216 04211
14597 04134 00199
1.608 04134
1.62C 0.140
14620 04000
1620 C€+000
1,620 0.00C
14620 04000
14620 Ce00C
1462C 04000
16620 04000 04016
14620 04000
14620 04000
14620 0.C00 0-00C8
1:62C 0s0CC
1462C 0.CCO
1462C CaCCO
1462C 040UC 0-0U4
14620 040GC0 GeC04
14620 0.000 04003
14620 C4000 00003
14620 04000 0.002
14620 04000 0s002
14620 C.0G0 0s002
1,620 04C0C Co0U2
14520 04000 ve002
1.62C 04000 0-001
1462C 04000 04001

HYDRUGRAPH
qus TP
A MIN
+000 135

wl CR
brn IFH
04000 040v0
04009 04014
04103 04028
Q4448 04555
1,056 1.082
14573 14398
1.831 1.713
14800 14545
14557 14377
1.187 14070
04823 0e763
04579 04628
0,442 0ak4y2
Ce3e0 04425
04308 04358
0.274 04320

3 04253 04281

0s241 0266
04236 04251
04233 0s242
04229 04233
0.224 04224
04219 0e214
04215 04207
04214 04199
0211 04192
04203 Oelb4
04192 04173
04177 04102
04152 0s148

~-04124_04134

04100 0s1221
0.081 04108
0,005 04097
04055 04085
04046 04075
0.039 04065
04034 04058
04029 04051
0,026 04046
0.023 04041
04020 0.038
04018 04034~
0.016 04031
04014 04028
04013 04026
04012 04024
04011 04023
04010 04021
0,009 04020
0.008 0.018
04008 04017

MiIN

ol ¢ 51 1a

ARULF Da
N I

0+0uC 04000 0,000
Ce0UC 0e061 0,009
0.0L5 04160 0.103
0+0¢2 04359 0al4s
0¢0¥1 04525 1.056
0s2ul 04592 '1.593
Q344
Qs4v¥sS
06435
0749
0+833
Qe8¥1
0934
0907
0e9Y5
1.0c0
14041
14002
1+002
1.101
l1elel
1.140
1+158
1176
1.1v4
1.212
14229
14245
1s201
14274

0es542 1,800
04472 14557
00362 1.187
0e282 0.823
04230 V579
04199 0,442
0s178 04360
Osl164 0,308
0e1356 G.274
0s151 0.253
0¢151 0,241
04152 6.236
Q4148 0.233
0el145 0,249
0el143 0,224
0el4l 0,219

0414104214
0¢134 0,211
0.128 0,203
0.123 0.192
06107 04177
04092 04152

14206-04079.0.124

1:2¥5
14303
14309
13144
14348
1.3¢2
143¢5
1e3c7
1350
te 332
1+334
1335
1357
1.338
1339
1+340
1+341}
1e342
14343
14343
14344

04069 0.100
04061 0,081
04054 0,006
0+048 0.055
0044 0.046
04040 0,039
04037 0.034
04034 04029

0e029 0.023
04027 0.020
04026 V.L1B
0e0c4 0.016
0¢0¢3 0.014
04022 0,013
0.021 04012
04020 04011
0019 04010
0.018 0.009%
0¢017 0.008

0461614831

IFh in - IN
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Figure 30.

Sample of output data.
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Continued.
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Table 5. Soil and watershed characteristics for rainfall simulator
'
plots of Illinois trials.l All plots are 12' x 6

Plot Soil Depth Slope Cover SCS
(in) 4 Hyd. Class
b § Alma 135072 Alfalfa c
Silt loam
2 Alma 9.62 +D
Silt loam
3 Bogota 0.83 New alfalfa C
Silt loam
4 Bogota 1.30 New alfalfa C
Silt loam
5 Bogota 1.22 Alfalfa +D
Silt loam
6 Bogota 1.00 Alfalfa +D
Silt loam ’
7 Bogota 1.36 Pasture +D
Silt loam
8 Bogota 1+30 Pasture +D
Silt loam
9 Alma 8.27 Virgin (&
Silt loam pasture
10 Alma 8.30 Virgin +D
Silt loam pasture
11 Bogota 1.25 Virgin c
Silt loam pasture
12 Bogota 1.67 Virgin (o
Silt loam pasture
13 Elco 15+25 Virgin c
Silt loam pasture
14 Elco 16.83 Virgin (Y
Silt loam pasture
15 Elco 12.11 Virgin C
Silt loam pasture
16 Elco 11411 Virgin +D
Silt loam pasture

1.
Unpublished data of H. N. Holtan.
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Table 6. Soil and watershed characteristics of rainfall simulator
sites. Arizona trials.l All plots are 24' x 12'
c : SCS
Site Soil Slope Cover Hyd. Class
1 Dos Cabezas 0.84 Few plants (o
clay loam
4 McClellan 1.24 Sparce B
clay loam
5 Mohave 5.48 None B
sandy loam
6 Mohave 9.06 None B
gravelly sandy loam
7 Mohave 13.70 None B
gravelly sandy loam
13 Gila 0.80 Sparce B
silt loam
15 Ramona 1.32 None B
sandy clay loam
17 Ramona 1.60 Heavy stand B
clay loam of Tobasa
23-6 White House 3.60 Good cover (o
gravelly silt loam of black grama
25A Ramona 0.50 None B
clay loam

lData from original documents provided by Professor Joel Fletcher.



Table 7.

Soil characteristics

of Arizona desert plots (Beutner, 5)

Site Topography -
No. Soil type Surface Soil Subsoil & Origin Degree of Erosion Cover
5 |Mohave gravelly | Reddish brown, [Redder, finer texture| Rolling to flat [Slow sheet erosion. None, except for
6 |sandy loam gritty friatle |more compacte Lime topped terraces [Coarse sand and very little annual
T caloareous aocumilations and fans. Large=-|fine gravel erosion plant litter
ly from granite |[pavemsnt
Gila fine sandy | Light brown to |Light colored, strat-| Recent bottom Severe sheet erosion None
10 (loam pinkish brovn, |ified recent stream soila, Mixed "A" horizon 2" to 4"
calcareous, deposits origin
» " b L. Sandy overwash Very sparse Few
11 "A" horizon 6" to 10" | burroweeds present
were removed
12 L " L y No recent erosion
"A" horizon 8 " to 10"
13 |Gila silt loam LJ " L7 No recent erosion Some annual plants
and litter
Cajon sand Light grayish Similar to suface Alluvial fnans andNo recent erosion Some £ilaree and
14 brown, calcar- |Deep stratified, flood plains litter
eous, coarse sandy deposits outwash from grar-
ite rocks
15 |Remona sandy Brown to gray- |Heavier moderately Upper and lower [Recent overwash None
clay loam ish brown, grit-|compact, grading to fans. From gran- [Surface badly
ty surface soil |gravelly sediments itic materials [checked
16 » " * s Slight erosion, Fair oover annual
fine gravelly plants and litter
lerosion
Mohave sandy Reddish brown Redder, finer texture | Lower fans and [Slight sheet Sparse weed cover
18 [olay loam gritty, friable (very compact terraces, Derivederosion
calcareous from granite
Teague stony Grayish brown, |Dark brown calcareous | Alluvial fans andGravelly erosion Nocs
19 |[loam calcareous,Very |Clay loam. Caliche terraces, Derivedpaveme nt
roc hardpan from basalt
Yhite house Friabls ,granular|Tough red clay Upper fans. Moderats sheet eros= Sparse cover of cale
20 [stony loam dull-brown Cobbly Granite origin [ion. Stony pavement iandra and grama gras
Sonoita sandy | Reddish-brown Compact heavy olay Alluvial fans Slight erosion Sparse cover annual
21 |loam medium to coarse loam Rhyolitio origin| plants, Some litter

86



99

6700 0z*2 0510 00'g 0rn no0*n 016°0 ottty 021 09-UZ-g 9T
wnoso NGz 022+0 _ 00'S 00 000'A  676%0 nrrezy 021  0v-61-8 ST
1500 02+2 06€40 T00vgy 00 ooneA otger fEReot Qegy. 09-5T1-8 ”
oaneo 0s* 2z 0lne0 0000, 00 009°Nn LF2re ocz gy oe2r 0y-C1-8 €1
coten 02*2 _ 090°0 _ 00+001 0en 0n0eA 27046 00E*R 021 _ 0y-s-g QL
9wn'0 02z 02€°0 00'g o*n ono*n 1rEt e ori*1y otzr  0v=ti-L 91
7500 052 08F*0 00+¢ orn 00nen 0FRrZ otte2y 021 09-0T-£ I
900 022 0Zne0 __ 00°6y ____o0*n __ o00*n . Br0*w  OFR*9L 021 _ Qy-g-¢ 71
72200 052 nEE"O 00°0¢ o'n onn*n zi1v0t 052*Cy 0'21 0v-8-L €1
2nten o0c*z 02740 00°+Ch 0*n 0an*n €269 049°1 021 0y-Z-L 1
76ten __ 05*2 __012'0 00064 040 000%A _ lyveZ 062t 071 Qy-T-L__T1
f11'o 02°2 09F°0 00'001 00 000°n 2cn* L 00E*9 0'2y  oy-6z-9 0T
naneo 0p2:0 00e0f nen 000sA 1102 0zzet 021 0n=61-9 4
Znteo NE0*0 __ 00'GA  0en 000¢n Rthey 02901 0r21 ov-5-9 T
76000 06740 00°'s 0*n oonen 107°¢ nTIeTY 0%21 wr-r= 9T
onneg 02640 oneg 0en 00nen €100 ortezy 0e21 or-g-9 ST
w9nvo Sone0 00+ Gy nso 0ao0*n 27671 oER*9y 02y 0y-82-5 _ o1
2.0'0 062 7 006*0 00002 0°h 000°n " Taney 05251 0*2t 0v-L25 €T
ZRovo 009+0 0046y 0e0 000N ongel 09g* 1 0s21 0Y-L-§ P
€9000 OWE*D  00°Gh _ preE nR2er vIRe T 0781 0%21 _ Th-v2-6__ 6
040°0 n9re0 00°0f Fery FLLIR €020 1 000+ 1 021  Ty-91-6 9
tento 0g0°0 00*02 nteg AL 060t 0721t [AF4 T9-1¢-8 T
82000 S8n°0 000y orry gnarn €2[+2 . 0ER*0 02t T9-(2-8 €
T slteo 02he0 "7 00067 T 2011 T orirr T leRel 00€+ 1 0+t 19-2-8 8
890°0 0510 00*g/ (A8} FLLIR ] CLLAR 09g+ 1 021 T-0e-L ¢
otteo 00510 00+0¢ Tent 007t 120°¢ 0no*t 0021 Ty-nz-t 9
16000 06040 00402 w9 oznet 8SH00 0zs0 11 0%21  T9-8T-¢ T
95nt g 081°0 0051 1408 R97 Y 00940 02945 021 Tv-9T-¢ ¢
07100 920 06€°0 0046, €04 Ceont - _SEbeY o o0Get 082 therpcse. gl |
640°0 T 92°0  0lw*0 004G/ LAY 1940 A0 L 09€° 1 or2r 19-97-9 L
§R0°0 920 08240 no*of £r02 17501 2wl 000+t 021  T-12-9 9
050+0 1600 0810 0007 Fe7n og2 1 90ve0  02f°Tt 021 Ty-81-9 T
S€0'0 1€°0 ~7 060°0 "7 0007 £007 T £A2°1TT T sE00 T szLr L G (T 2 ¢
nroto 02°2 0AE*N 000Gt orce nGor e c0912 orrery 0r21  T9-€2-L 9T
€F0e0:  0Ce2 0nFe0 00461 LERE 000+ 1 313 otle21 0e21  T9-12-L  sS1
n8040 02°2 77702200 T 00057 0°8S T 2Pl §u2e, T OFROL 021  Tv-lT-L v |
9gnn 052 062°0 0009 0rce on2*t 9050 05221
LIAEN) 02+2 G040 00+G4 0fh c2pe 1 €90y 00€vq
R90¢0 T T 0G*2 7 0210 T NOegk 000w T zepet T 100007 T 0200
thieo 0z°z COE*D 000w 0/ Taney £0E%6 00"t 02t Ty-1z-9 8
0600 02'2 000°0 00°0c 0'nt ety 180%w fof*t 02y _ Ty-92-9 "t |
RE0%0 T 0242 01100062 00227 GILY 9ZwrE T 02200 T 0021 T 19-0t9 S
50100 0212 0nzvo 00057 0wt (13134 s2ery 000+ 1 02t TH-8T-9 9
990" p 07'2 011'0 00°62 n*ne nhty Zher e 079°4 021 T9-T1-9 2z
19040 0512 0100 00061 " gran Enhet 620°2 074ty 021 TY0T-9 1
ofteo 0542 08040 0007 1001 va0* T 8610¢ 0FR*0 0e2r -9 ¢
€010 0542 05140 00+gt 2ot cz21er 20646 ooget 02y -9 %
TOATOTT06 2 G100 N0 GH CUTTTRFCITTerg T ngz'r LAEA S (T £ A g
of ay Uy ydy z ydy -3
o1 u s 24 19a0) 0 u s adots Wisua  a3eg 014

S30Td STOUTTTI I03J ®3IEp I0OIBTNUTS TTRJUTRY ‘g O9TqQRL



r
Table 9. Rainfall simulator data for Izzard's (25) experiments.

Length Slope S n c Cover Fe Si m Ia
(ft) (%) (in) (iph) (%) (iph) (in)

{2 00———0/100: 0.000 b2l — 4399 — - 000 0000 0¢0l —— 04090 04000~
7240 0¢500 04000 ¢ (08B 487444 0+00 0+000 0401 04043 Q4000
1240 14000 04000 ¢i579 347240 0400 04000 0401 041042 04000
7240 2.000 0+000 CodlD 30874 0400 - 0000 0s01 04035 Ge000
4840 0+100 04000 30245 236449 0400 04000 0+01 0.0%1 C.000
4840 0500 0000 ¢ 490 23902 000 04000 001 0¢0u44 09000

_4840__ 14000 ______ 04000 24409 __2801e6__ 0400 0s000__ Q01 0,037 04000
4840 2+000 04000 € 4lU7  S536147 0400 0¢000 0+01 04031 0,000
2440 0+100 0+000 34082 3v92.l 0400 0+000 0401 0.068 0.000
€440 04500 04000 ____ ¢¢528 369442 0400_____ 04000 _0s0l . 0403y 04000
2440 14000 04000 €e201 1948.06 0+00 04000 001 0.03¢2 04000
2440 2.000 04000 €368 633746 0400 04000 0401 04025 0000
1240 04100 04000 34641 2995847 _ 0400 0,000 0,01 _ 0,059 0,000
1240 0500 04000 4600 579045 0400 04000 0401 04030 04000
12.0 1.000 04000 €e526 958944 0400 0s000 0401 04027 Q4000

_42,0 24000 | 04000 ¢,442 1730240 0400 04000 0401 _ 04018 04000

00T



Table 10. Rainfall simulator data for Arizona plots.l
iSite Plot Run Date Length Slope S n_; c Cover Fc Si o Ia
(ft) o 4 in hr™ iph % “iph in hr in
5 1 19 11-30-38 2440 ____ 588U _G+942—_.us?13____ 2140 040004950 30E9.—- 04015 — CelSe
5 x 20 12-1-38 2440 54480 04323 40013 5040 0400 0el4BO 064 Gevio 0elos
6 o1 23 12-5-38 2440 94060 24049 vedh8 Beb 0+00 14640 309 Qs0c0 0e224
6 1 24 12-6-38 440 94060 VeSoy veyd0 gV . 0400 . ._. 04770 [y 0wls .11
17 1 81 4-19-39 2440 14600 3e116 Gel73 ved 90400 14180 3409 04UY0  0s966
17 1 82 4-20-39 4.0 14600 0s3v8 V973 Yeb Y0400 04280 Qb4 Qelvw? Qat25
4, 1 14 11=22-38 2800, LA oWl ueB9Y L 3250 0400—— 09590 — 3489 .—— 0.020 - 04083
7 1 27 12-7-38 2440 134700 1.010 ve022 1448 0400 14140 3409 C.013 0.l4s
13 2 66 3-25-39 <49 0800 0e509 ve910 LNV 100 0s290 EX-X 04023 Ce093
15 1 71 4-5-39 T O W T TR S - o SR i 11 R A 0610..___0s240 .._3489 __ Q010 PRTLE)
15 1 72 4-6-39 2440 14320 Oelo? 14064 7040 0410 04140 004 04019 UG8
13 1 63 3-25-39  24.9 04800 14300 vesYl 3140 1400 04450 3089 0,021 Caz42
13 1 64 3-26-39  Zu4e0 0800 _, Qe4b2 ___ve¥3l____ 3540 1900.._ 04350 ..__ Q%64 .. 000el €083
1 1 1 11-1-38 2440 04840 04275 ey 2408 0410 04620 2450 O0wws7  QOelal
1 1 2 11-2-38 2440 0«B40Q 04120 Vel 38 1640 0410 0.310 0431 04021 Ce10%
25A 51 370 8-19-40 - 2440 _____ 0500 04622 ___uellh 1040 0400 09340 .__. 3489 Q4021 Ce092
25A 54 371 8-20-40 2440 04500 04375 14003 3145 . 0+00 04340 0:66 04043 CelSo
23 61 326 6=17-40  24.0 34600 104776 Vb4l TY 60400 44550 9499 040438  Cazds
23 61 328 6-18-40 249 31600 34005 GeT46_ lued  ¥0eQ0Q___ 296402400 — 04028 ..0e151

LDa«:a obtained from Prof. Joel Fletcher's files.

TOT
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Table 11. Sample of rainfall simulator data.

. S. DEPFRTIEFT OF AGR

v, s. I "LTU°E - SOIL CONSERVATION SERVICE
¥otecy XCO prvrsicu oF :

] ESEAECH FROJECT AR1Z-P-1
Runoff: DA FAINFALL SINULATCR EXPERIVENTS /
10§50 Aule Bernck faned ory
Date Apre 18, 1939 site A7 Plot 1 Run 81 Slope 1.€0%
Avp. Intensity ‘Duration of Moss ¥ass Run-

Irchss Per Hour Se£2 Application _ 60 Xing nuin in, 828 off, ig. 0,846
Soil llemona Clay Loam At field oondition

cover Eeavy estend of Tobosa clipped to 1 inche

TINE RULCER IXFILTRATION RELAPKS

After Eetween ns rate Ao
Start min.|Rend. sec. cur.\ :‘t. in. /hr. in./hr. 94% = O. 1?‘,»—//}14
=1 Bo1l. 48P, 47| 70°F, wator 63°F,
© 0400 i 1 Application started
8:00 e ; 1=z ;
© 15330 Vater movemont
T 18¢08 J D000 | 0460 Eunoff startod
18250 o ; 0,17 L
i oo/ S Toisfore
1: 19134~ €9 0,080
¥ 09-6" < 2.2
D 2080T - 017 :
iy i 7o istre Eoviv-
TBL:00 . 68 0,100 "
! o-¢ S & - 53
TeLe 0,18
£2382 |- 83 o.uso] L5 Sample §l €& 22100
23301 Y | 0«10
£3338 - 77 0,2C0
T 2ans _ 0,21 ]
S B4sL | 72 0,850 - Benmple #2 © L5100
T 26121 10,86
20361 |~ 60 04300 Tepression Filled & 26
2O TURR7
%6148 o 65 TeS507
i
Y07 Yy ; 038 %
ETiEs L UetlU g ¥ 3




Table 11. Continued.
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] T Plot Fun Bl
SR SRk Cimmsmied]  spemrs
St b aem o b |8 e th e,
27146 | 0.2
£5:04 | 36 0,450
26120 | 0.47
25138 } 32 0.300; !
28:51 ! 0,52
29105 | 29 | 0,580 -
29118 } | 0,58 |
29131 | 26 | 0,600] ‘
20165 | L 0.4 ! Sauple £4 & 30:00
30118 | 47 0,700 | r
30159 | TouTs
50150 | 41 0,500 | ;
51118 | 'ioq'/o ;
51137-| 38 0,200 ! |
31165 - 0,08
B2:18.| 36 1,000 i
33129 10498 |
84145 | 163 | 1,500 '
3617 | 20 | Sample ¢5 @ 35300
36140 | 124 2,000 ] ' ’
37145 ,é T.55
85540 [ 111 2,600 i
39332 | 1,45 fample 6 & 40100
40123 103 3,000 |
2114 | T |
42:04 ©| 101 |3,600 : ;
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Table 11. Continued.

Cute Plot Fun 8l
T e | wowerr. lmwitmesron]  apwnks
A E?;ﬁr.t in./hr.
22152 |, 1,58
43:39 |- 95 4,000
44127 | 1,86
45:15 1 96 44500 i
46103 ' Lol |
£6:40 |95 6,000 | 5
40:18. [ 71,68 ‘
49127 | 170 |6,000 e
113 1,78 | Samplo #7 G 50100
52159 | 172 [7.000 | =
55:54 - 12,00
55110 | 160  [8,000 ;
56135 . 1480 i 1
57350% . %g};,- L 26000 I ]
58355, 1G04 | Sample #8 & 60100
60100 .; 120} 19,830 L i Ayp. Stopyed
60:09 U Ya7am] |
€0:17 | 17 5,580 ’
60126 ,i 67 i
€0:56 | 18 10,030 i
60:441‘; 1,67
60153 , 15 10,180 : Sample 79 @ .
01:0-‘..—.{ ’;1..;3 '
GLilé .| 81 10,080 | .
CIiE5 1| 156
6Li36 -] 28 0,860 :
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"Table 11. Continued.
L
{INFI LTRATION REVNARKS
: in./hr.
| 61159 : 23 10.480 :
e2:12” 1.15
62385 23 10,560 ! !
62:40 1,03 j_ £,
62:54 " 29 10.660 | ; e
83110 | 0.4 | ieprossioa storage 80%
63:26 1 32 110,750 | I ‘
03:45 ¢ L0481 |
62:03 1 37 110,860 |
64:25 . ' 058
Ga:d7 U a4 10.990 : :
65415 ° | 0u56 i
65142 B85 11,080 | Cepression storage 503
65120 0440 T
6eis7 4 78 I11.3.&3{,‘5 ‘ Zeprescion storage 40 3|
67;82 \y | 0.3 lr
67:46 ¢ 49 12,250 ' :
56125 IR
60:05 7 11,280 4{ popressicn ctora.o £3%
7011 | 0,18
70¢55 | 116 [11.330] :
71147 | 0408 -
7823386 i 57 11,350 Cuo0 ! Runoff stopped
6 :OU'AE repression storage 107

79:30 |

Doprespion storace 3%
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Table 11. Continued.

Site Plot Fun i
I RUNCFT \IXFILTRATION REMARKS
NasSs Rate
3 P , in./hr.” in./hr.

1

APINng yun water ztood 1 inch deeop la cepressions.

Infileration 109
i

|
AT ¢T0 OF 03P, | Boll 66°F. Adr 7407, water 0407,
i i s H




107

Appendix C



Table 12. Soil and hydrological characteristics of small watershed utilized in testing the model.
scs®
1 Soil Topsoil Subsoil Internal Hydrol.
[Hatershad Ares Length? Width? Slope? Ferle Atea Depth  Structure Permea-  Structure Permea- Drainage Class
(acres) (ft)  (ft) () @ (in) bility bility
M, Hastings, Nebr. 3.77 536 306 5.58  loldredge 75 12 Moderate fine Moderate Mod. fine to Moderate Medium +<
silt loam to medium med. subang.  to moder-
granular blocky ately
Holdredge 25 5 Weak fine Mod. to Same Slow Med {um c
silty clay crunb mod. slow as above
loam
5H, Hastings, Nebr. 4.02 645 27 5.53 Holdredge 50 12 Mod. fine to Moderate Mod. fine to Moderate Medium 4
stlt loam med. granular mod. sub-ang. to
blocky
Holdredge 50 5 Weak fine Mod. to  Same Moderately (]
silty clay crumb mod. slow as above slow Medium
loam <
P-1, Waco, Texas 0.243 168 63 2.82  Houston black 100 60  Moderate fine
clay to medium,
granular .
SW-17, Waco, Texas  2.99 383 340 1.74  Houston black
clay 100 60 Same Same Same Sane Same ]
as above as above as above as above as above

IDatn from reference ( )

JAvulgl values

Soil Conservation Service Method (3), Modified by Chiang ( )

80T



Table 13.

Hydrologic data for Watershed 3H, Hastings, Nebraska._f
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SELECTLD Flid«? EVE I *  Hastings, Nebraska Watershed 3-i
Antecedent concitict [ Raint hontt
T
Date | Ratmieil = ) . | Intensity Acc Date and rate
| Gncher) | | (n/5e) ‘ (4nches) & Lo (in/hr)
+ t t T
L-16-60 0.2 3 L
L-25 A1 i 2
L-27 .07 T
L-28 -8 : .gg
u-29 .29 {h o
53 .18 | 1:4
5-5 1.61 -2
.35
5 ekt .70
| .61
g 5 8
wWatershed Conditions: 1007 1 10373
Yo Tielc operciion since I 128
sorghum on 10/1L/59; geod .20
1.3
1.k2
1.7
i Y
\ 1.9
! [
2.9
! ! 1.5
2.56
T T T
20 o
.20 < :
.55 g -
29 < T
&2 5 .02
7-12 .3 [ 4
7-15 .31 o 2
7-16 3 0 o9
7-17 1.07 .20 3%
.39

Wetershed Conitions: Wheat har-

vested on July B and 9. Stubble
1 ft. high.
5-18-59 02 5
<37 T
1.3 .62
L, .03 o
. 1.93 1.0k
. €
iz 2=

Watersheds ur
atout A5A
Weeds bepinn
orerations o June I

1ions: Sor
in rood
1o rrow.

grent of Judy 3

Raingege
L

3.00
5.70
3.10

2:06 3/

Notes: To convert runcff i
of July 3, 1959. 1/ Area

in/hr to efs, maltiply by 3.983 for
rged 1-1-56 from 3.95 acres to 3.77 acres. 3/

event of July

Begts

18-19, 1558; by 2.402 for event

nning of new runuff event.




Table 14. Hydrological data for event of June 25, 1961, P-1, Vaco,

Texas.
MONTHLY PRECIPITATION AND RUNOFF (inches) RIESEL (m\f.o), TEXAS Watershed P-1
Month
Year Jan. | Feb. | mar. | Apr. | May | June July | Aug. | Sept. | Oct. | Nov. | Dec. Year
1960 P | 2.02 | 2.02 | 155 | 2.1 | 1.72 | 4.90 | 0.36 | 2.83 [ 0.96 | 6.07 | 2.38 | 7.7 34.53
Q .90 .28 .08 | o o T 0 0 o 0 0 2.18 3.44
1961 P | 497 | 474 [ 2.6 .41 | 2.8 | 8.51 | 3.86 .43 [ 470 | 2,04 | 2.10 | 2.24 38.34
Q | 2.37 | 2.2¢ |0 ) 0 1.42 .06 | 0 T 0 o 2 6.19
ANNUAL MAXIMUM DISCHARGES IN INCHES PER HOUR AND ANNUAL MAXIMUM | RIESEL (WACO), TEXAS Watershed P-1
VOLUMES OF RUNOFP IN INCHES FOR SELECTED TIME INTERVALS
MAXIMUM MAXIMUM VOLUME POR SELECTED TIME INTERVAL
YEAR DISCHARGE 1 hour 7 heurs 6 hours 12 hours 1 day 2 days 8 days
Date| Rate | Date| Vol.| Date| Vol.|Date | vol. | Date | Vol. | Date | vol. | Date | vol. | Date | vol.
1960 1-13 | .60 | 1-13 | 0.32 [ 127 | (.40 | 12-7 [ 0.65 [12-7 | 1.23 [12-7 [ 2014 [ 12-7 | 2415 [ 12-7 | 2.8
1961 6-25 | 1.7 | 6-25 | .44 | 25| o8| 2.5 | 1.3 | 2-5[ 162 | 2-5 |1.ca| 2.5 (1.5 | 1.6 | 2.3
Notes: Quality of records: Monthly P, excellent; monthly Q and snnual max. discharges ard volumes, good.
1/ Relngepe 4-9.
SELECTED RUNOFF EVENTS RIESEL (WACO), TEXAS Watershed P-1
Antecedent conditions Rainfall Runof f
Date Rainfall Runc £ f Date and Intensity Acc, Date and Rate Acc.
(inches) (1inches) time (4n/br) (inches) tlme (in/hr) (inches)
5-26-61 6 25-61 Raingage W-9 6-25-61
&5 [ 0 9:08a o 0
-6 .84 .07 16 L0612 T
6-8 2.0¢ i 212 an T,
6-12 3.00 .37 215 .465 .02
6-14 2.00 .47 218 845 .05
6-15 1.20 .53 20 1.00 .08
€-16 .20 .57 22 1.7 az
€=17 1.50 .87 25 1.67 .19
£-18 3.00 1.27 129 1.23 .29
6-19 o I T 124 1.60 1.45 231 547 .32
£-25 03 2/ 0 30 & 1.48 335 539 .37
139 310 .40
:a4 151 .42
Watershed Conaitions: 100% Bermuda- <48 100 .43
grass pa:ture, good cover, grass 6"
high. §.54 inches available soil 58 0396 .44
moisture in 0-60" profile June 23. 10:05 0229 .44
18 -0110 .45
11:30 0012 .45
1:00p .45
1961
€-1¢-40 Raingage W-9
Getd [ (9 C
1418 2.27 1 Bals] T
< .21 £033% T
.32 +0€ 100 T
o] Ay 25 .47 0
2 3os 53 02
7 ¥ 3.00 .63 03
7y .25 0 .74 4 -3
i-10 .4c G 1.50 L84 .03
Rotes: Tn convert runaff in in/hr o cf-, ~ultiply by G.24%. Brior to &
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April 24

i

and May 13,

Table 15. Hydrological data for events:
1957, SW-17, Waco, Texas
SELECTED RUNOFF EVENTS Riesel (Waco), Texas Watershed SW-17
Antecedent conditions Rafnfall Runof f
Date Ratnfall Runof £ Date and Intensity Acc. Date and Rate Acc.
(inches) (inches) time (4n/hr) (inches) time (in/hr) (inches)
= 1957
3-27-57 88 T 4-24-57 Raingage W-2A 42457
331 1.35 .24 0 o 2:33p i o
41 T 23 .03 142 0096 T
4.3 .24 o .22 46 222 .01
4-a .03 o .32 149 .703 .03
4-8 .04 0 .66 :52 1.37 .08
413 .04 o .80 :56 1.97 .19
15 .02 0 .99 3:00 2.4 34
4-1 4.73 3.00 1.21 108 2.90 .70
-0 .23 a2 1.49 e 2.34 .96
Event of April 24, 1957 - Continued
57 1) T 4-24.57 Raingage W-2A
z .3 T 3:16p 1.32 1.60 1.70 L%
3.98 3.35 122 1.00 1.70 770 1.46
.02t/ o 128 .30 1.73 .498 1.55
150 .05 1.75 310 1.62
Watershed Conditions: 100% 4:06 -182 1.6
3ermuda grass pasture with weeds 21 -2 1.70
and grass 10" high. 238 0710 1.73
256 L0464 B
5:45 .0202 1.77
7240 L0046 1.79
12:00m L0007 1.80
Event of ¥ay 13, 1957
0.04 0 5-13-57 Raingage K-2A 5-13-57
.02 0 8:22a 0 0 8:242 0.0003 o
4.73 3.00 125 2.00 .10 =28 L0013 0
.23 12 129 1.95 .23 30 L0063 T
2 T 33 2.25 .38 32 .0282 T
422 .30 T 36 4.60 .61 234 0981 T
1.23 3.98 3.35 1 1.92 77 236 .295 .01
.24 1.83 1.80 1.50 .87 238 604 .02
425 0 T 2.4 1.11 =40 .816 .05
4.26 1.44 .81 .96 1.19 45 1.48 .15
227 .27 35 159 1.80 1.28 250 1.74 .28
4-28 1.09 & 9:14 .24 1.34 56 1.66 .45
4-29 .06 .08 138 .20 1.42 9:00 1.50 .56
4-30 .0 T 152 .26 1.48 06 1.13 .69
5-1 .37 T 10:10 .0 1.58 212 .763 .78
5-2 0 T :20 .24 1.58 .574 .85
5.3 .84 .48 237 4 1.62 .451 .90
- y 0 01 .38 .94
c2 T .266 1.92
.89 02 .214 1.13
0 .01 178 1.21
3.92 3.1 15 1.27
0 06 0687 1.30
0 T 2/ 0444 1.31
0255 .33
100%
e N grass .0156 1.3¢
and we high, dense growth. L0046 1.35
: .0023 1.36
L 1
i Tc convert runcff in/hr to cfs, oultiply by 3.0C14. 1/ precipitation prior to 2:32p. 2/Runotf prior to 8:2ka. |
Y Rainfall ended 9:07p. %/ Pumoff prior to 9:h2p.
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Figure 32.

Map of Watershed 3-H, Hastings, Nebraska
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January 72
Soil Conservation Service
Portland, Oregon

Hydrologic soil groups are used in watershed planning to estimate runoff from
rainfall. Soil properties are considered that influcnce the minimum rate of
infiltration obtained for a bare soil after prolonzed wetting. These properties
are: depth of seasonally high water table, intake rate and permeability after
prolonged wetting, and depth to very slowly permeably layer. The influence of
ground cover is treated independently--not in hydrologic soil groupings.

The soils have been classified into four groups, A through D. Statements in
parentheses following the definition may be helpful to soil scientists wishing
to place soils into hydrologic groups using the soil classification system.

A. (Low runoff potential.) Soils having high (rapid) infiltration rates
even when thoroughly wetted and consisting chiefly of deep, well to excessively
drained sands or gravels. These soils have a high rate of water transmission.
(Includes Psameents except those in Lithic, Aquic, or Aquodic subgroups; soils
other than thosz in group C or D in fragmental,.sandy-skeletal, or sandy fami-
lies; soils in Grossarenic subgroups of Udults and Udalfs; and soils in Arenic
subgroups of Udults and Udalfs except those in clayey or fine families.)

B. (Moderately low runoff potential.) Soils having moderate infiltration
rates when thoroughly wetted and consisting chiefly of moderately deep to deep,
moderately well to well drained soils with woderately fine to moderately coarse
textures with moderately slow to moderately rapid permeability. These soils
have a moderate rate of water transmission. (Soils other than those in-groups

A; C, or'D.)

C. (Moderately high runoff potential.) Soils having slow i{nfiltration
rates when thoroughly wetted and consisting chiefly of soils with a layer that
impedes downward movement of water, soils with moderately fine to fina texture,
soils with slow infiltration due to salts or alkali, or soils with moderate
water tables. These soils may be somewhat poorly drained. Well and moderately
well drained soils with slowly and very slowly permcable layers (fragipans, hard-
pans, hard bedrock, and the like) at moderate depth (20-40 inches). (Incluces
soils in Albic or Aquic subgroups; soils in Aeric subgroups of Aquents, Aquepts,
Aquolls, Aqualfs, and Aquults in loamy fanilies; soils other than those in
group D that are in fine, very fine, or clayey families except those with
kaolinitic, oxidic, or halloysitic mineralogy; Humods and Orthods; soils with
fragipans or petrocalcic horizons; soils in shallow families that have permeable
substrata; soils in Lithic subgroups that have rock that is pervious or cracked
enough to allow water to penetrate.)

D. (High runoff potential.) Soils having very slow i{nfiltration rates
vhen thoroughly wetted and consisting chiefly of clay soils with a high swelling
potential, soils with a permanent high water table, soils with a claypan or
clay layer at or near the surface, soils with very slow {nfiltration due to
salts or alkali, and shallow soils over rearly impervious material. These soils
have a very slow rate of water transmission. (Indcludes all Vertisols; all
Histosols; all Aquods; soils in Aquents, Aquepts, Aquolls, Aqualfs, and Aquults
exccpt for Aeric subgroups in loamy families; soils with natric horizons; soils
in Lithic subgroups that have imperceadble substrata; and soils in shallow fam{- .
lies that have ln—permeable substrata,)

Figure 35. Soil Conservation Service hydrologic soil groups
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Table 16. Runoff curve numbers for hvdrologic soil-cover comnlexes.
(Antecedent moisture condition II, and Ia = 0.2 8)
Cover
ILand use Treatment Hydrologic Hydrologic soil group
or practice condition A B c D
Fallow Straight row S TT 86 91 94
Row crops " Poor T2 81 88 9
I¢ Good 67 78 8, 89
Contoured Poor 70 79 8: 88
" Good 65 5 82 86
"and terraced Poor 66 e 8 82
e g Good 62 T1 78 = &
Small Straight row Poor 65 76 8y 88
grain Good 63 () 83 81
Contoured Poor 63 T4 2 &
Good 61 5] 8 84
"and terraced Poor 61 72 79 82
Good 59 T0 T8 81
Close-seeded Straight row Poor 66 TT 8 89
legumes 1/ t i Good 58 72 8L 8
or Contoured Poor 64 15 83 .8
rotation 9 Good 55 69 78 83
meadow "and terraced Poor 63 5] By 83
"and terraced Good 51, 67 76 80
Pasture + Poor 68 19 8 89
or range Fair L9 69 79 84
Good 39 61 T )
Contoured Poor L7 67 81 88
" Fair 258 590 15 85
1 Good 6 35 (U N
Meadow Good 30 58 T ?8
Woods Poor L5 66 77 83
Fair 36 60 o LT
Good 25 55 9 T
Farmsteads - 5981 Sl SNB2 AN ED
Roads (dirt) 2/ -—-- 72 82 87 89
(hard surface) 2/ —c T 8l 0 92
1/ Close-drilled or broadcast.
2/ Including right-of -way.
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Table 17. Curve numbers (CN) and constants for the case Ia =0.2 S

1 2 3 L 5 7 2 3 L 5
CN for Curve* CN for Curve*
condi - CN_f?r = x Starts condi - CN.f(.)r = « Starts

200 conditions values ek tion conditions values EET

T TET 3L 1
II P = I P =
(inches) (inches) (inches) (inch)}
100 100 100 0 0 60 Lo 78 6.67 1.5

99 97 100 .101 .02 59 39 il 6.95 1.39

98 9k 99 .20k .0k 58 38 76 7.24 1.45

97 9 99 .309 .06 57 37 5 T.5% 1.51

96 89 99 a7 .08 56 36 iz 7.86 157

95 87 98 .526 il 55 35 s 8.18 1.64

gk 85 98 .638 A 5k 34 V) 8.52 1.70]

93 83 98 .53 .15 29 33 72 8.87 1.77]

92 81 97 .870 <1 52 32 Tk 9.23 1..85

9L 80 97 .989 .20 5 31 70 9.61 1.92

90 78 9 7.0 .22 50 31 0 100 2.00]

89 76 96 Al el A 49 30 69 10.4 2.08

88 1) 95 1NED 27 48 29 68 10.8 2.16]

871 T3 95 1.49 .30 L7 28 67 -5 2.26]

86 T2 9k 1.63 <33 L6 27 66 1.7 2,34

85 70 gl 176 <35 45 26 65 2.2 2.44

84 68 93 1.90 .38 4L 25 64 12.7 2.5M

83 67 93 2.05 A1 43 25 650 NNiERD 2.6}

82 66 92 2.20 Rin 42 24 62 15,8 2.76

81 64 92 2.34 7 L1 23 61 1h.k4 2.88

80 63 91 2.50 +90 4o 22 60  15.0 3.00|

79 62 91 2.66 53 39 21 59 115.6 3.12]

78 60 0 2.82 .56 38 21 58 16.3 3.26

il 59 89 2.99 .60 37 20 S L{=0 3.40

76 58 89 %.16 .63 36 19 560 VU8 3.56

(e 57 88 3.33 .67 35 18 55 18.6 ale

™ 55 88 Bl <70 34 18 54 219.% 3.88

73 54 87 3.70 T4 33 17 95 | 1205 4.06

72 53 86 3.89 .78 32 16 52 2].0 L 2l

VAl 52 86 4.08 .82 31 16 51 22.2 L b

go 51 gz 358 .86 30 15 508 o5 4.66

9 50 .49 .0

68 18 8k 4.70 .ok 25 12 43 30.0 6.00

67 L7 83 L.92 .98 20 9 37  Lo.0 8.00

66 L6 82 5:15 1.03 15 6 30 56.7 11.34

65 45 82 5.581 % 208 10 4 22 9.0 18.00

64 Ll 8L 5.62 1.22 ) 2 15 1290, 38.00

23 ﬁ} 8 2.87 1 0 0 0 infinity inf.

2 2 79 15 585

61 L1 78 6.39 1.28

*For CN in column 1.
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Table 13. Modification of AMC, (antecedent moisture conditions) to
include 24-hour antecedent precipitation

Antecedent Antecedent 5-day precipitation

24-hour precip. < 1.4 1.4-2.1 > 2.1

(in)

0.00 - 0.39 b & 11 II1
.40 - 0.74 +I FRE ITI
+75 = 1.4 II G 10 111

> 1.1 +II ITI 111

Note: Based on the case that if all antecedent precipitation falls on the
first day and an average of .2 in/day evaporation occurs; the value
of AMC for the 5th day will be 2.1 - 1.0 = 11 inches for AMC III,
1.4 - 1.0 = .4 inches for AMC II

Table 19. Infiltration characteristics of different soil hydrological
classes. No cover (S1)

Infiltration Hydrologic Soil Classl
Characteristics A +B B +C C +D D
Constant infiltra- .30-.45 «15-430 +05=.15 0-.0
tion fc (iph)2 (<35). L1 (:30)0 NI(E23) N (- 16)N WG L0) LN (S06)
AMC3
I 6.95 5.38 3.89 3.25 2.50 2.20 1.76
+I 4.97 3,83 2.76 2.28 1.75 J'a53 1.20
S1 Ir 2.99 2:27 163 1.30 0.99 0.81 0.64
+I1 2412 1..57 1.14 0.89 0.65 0.54 0.44
IIT 1.24 0.87 0.64 0.47 031 0.26 0.21

;US SCS (3) Classification, modified by Chiang (26).
3From C. B. England (54)
From Table D-4.
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