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Foreword
 

This manual is one of a series supplied to participants in a
 

workshop titled "Diagnostic Analysis of Farm Irrigation Systems." The
 
purpose of this manual is to provide the student with basic measurement
 

procedures, suitable for the laboratory and field, for conducting field
 
studies of farm irrigation systems. The original draft of this manual
 

appeared as part of Volume II of the Monitoring and Evaluation Manual.
 
With its evolvement to the present form, a separate volume for soil­
water engineering measurements is provided.
 

The participant in workshops on "'Diagn'stic Analysis of Farm
 

Irrigation Systems" should use this manual as a reference fur correct
 

laboratory and field measurement procedures. Personnel conducting
 
actual field studies of irrigation systems should also find this manual
 

to be a valuable reference. The equipment lists for each exercise are
 

for determining equipment needs for planning the field study or a
 

workshop. The analysis and discussion suggestions are appropriate for
 
the data collected during the study.
 

Comments about or suggestions for improving the manual are welcomed
 

and should be sent to the senior author or the Water Management
 

Synthesis Project. Additional copies are available through the Project.
 

Wayne Clyma
 

Project Coordinator
 
Water Management Synthesis Project
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Preface to the Manual
 

1his manual is designed to teach basic methods for measuring the
 
soil-water properties most important to irrigation and drainage
 
engineers. The first three exercises describe methods to measure soil
 
properties which affect the soil water. The following three exercises
 
describe methods to measure soil water. Exercises 7, 8, and 9 describe
 
methods to measure parameters which affect soil-water movement. The
 
final three exercises describe measurements which help to determine the
 
quality of soil watLr for plant use, and the inflows to and outflows
 
from the soil-water reservoir.
 

Each exercise is divided into five main sections:
 

1. Introduction
 
2. Equipment
 
3. Procedure
 
4. Analjsis and Discussion, and
 
5. References
 

The Introduction briefly describes the property to be measured and its
 
use to a soil and water engineer. The equations used to calculate the
 
property are developed and the measurement technique is described.
 
Special equipment is also described in this initial section.
 

The Equipment section lists all equipment required to carry out the
 
exercise. The list is divided into two groups. The first group is the
 
special equipment needed for the exercise, followed by a list of equip­
.ment which is also used in several other exercises. This often used
 
equipment which is listed in Appendix 1 should be left accessible to the
 
students. An attempt has been made to use as little specialized equip­
ment as possible.
 

The third section lists the step-by-step Procedures to be followed
 
to make the required measurements and the necessary calculations. All
 
collected data can be recorded on the data sheets which are inserted at
 
the end of each exercise. The sheets also should be used to record
 
calculated values. Sections 2 and 3 give all the information required
 
to carry out the exercise.
 

The fourth section of each exercise describes any Analysis which
 
should be done on the results and suggests possible difficulties in the
 
procedures or implications of the findings which should be discussed in
 
the laboratory report. Appendix 2 describes several statistical
 
analyses which can be used.
 

The final section of each exercise lists several sources of
 
additional information on the various procedures. Emphasis is on
 
alternative standard procedures with the methods of the American Society
 
for Testing and Materials (ASTM,1930), the American Society of Agronomy
 
(Black et al., 1965), the U.S. Bureau of Reclamation (USBR, 1974), and
 
the British Commonwealth Bureau of Soils (1974) referenced when
 
applicable. When more specific information is required regarding the
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development of or alternatives to the given procedures and
 
instruventation, it is suggested that the professional literature be
 
searched with assistance from Soils and Fertilizers, an indexing and
 
abstracting publication prepared by the Commonwealth Bureau of Soils.
 

The laboratory exercises can be best carried out in groups of 3 or
 
4 students. Sufficient space and equipment should be available to allow
 
the groups to work as independently as possible, although items such as
 
balances, ovens, and dessicators can be used cooperatively. Several
 
exercises involve the use of more than one method to make the required
 
measurements. The equipment for these exercises can be used by the
 
different groups in turn.
 

In order to develop an appreciation for the variability of soil­
water properties and the difficulty of precise measurements, the groups
 
should exchange results. A comparison and statistical analysis of the
 

results should be included in each lab report.
 

The ability to describe clearly, in writing, a measurement
 
procedure, the results of a study, and the implications of the results
 
is very important to engineers. Writing and evaluating laboratory
 
reports can improve this ability. Writing reports is thus strongly
 

recommended. A suggested outline for laboratory reports is given in
 

Appendix 3. Because writing good reports requires a significant invest­

ment of a student's time, it is suggested that, for each exercise, one
 

member of each group write the report, while the other members only turn
 

in their results and a one page discussion. The report writing respon­

sibilities are then rotated among the group members so that each student
 

would write a total of three or four major reports.
 

Because soil properties are often interrelated (for example,
 

porosity calculations require both bulk and particle density values),
 

and because it is instructive to measure several properties of the same
 

soil, use of one soil or the same set of soils for as many of the exer­
cises as possible is strongly recommended.
 

Due to both predictable and unpredictable weather variations, it is
 

possible that the exercises cannot be completed in the order presented.
 

Exercises 2, 3, 4, 7 and 10 are carried out inside the laboratory, while
 

the remainder are field exercises. In sequencing the labs, both the
 

class subject matter and the relationships between lab topics should be
 

considered.
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EXERCISE 1
 

SOIL BULK DENSITY
 

1.1 	INTRODUCTION 

The bulk density of soil, Pb (g/cm ) is the average mass of dry 

soil solids, Ms (g), per unit volume of soil, Vb (cm3): 

M 
= s (-1)

Pb
 

The bulk volume includes tbe actual volume occupied by the solids or
 

soil grains as well as the pore volume. Bulk densities will therefoie
 

vary not only with the actual density of the solids, but more impor­

tantly with the packing of the soil particles. Consequently, a given
 

soil can have widely varying bulk densities depending upon its state of
 

compaction or aggregation, and the state of the sample must be con­

sidered and carefully preserved durinp collection to achieve an accurate
 

measurement.
 

Soil bulk density is also sometimes represented as specific gravity
 

(or weight), Yb' which is the mass of the soil relative to the mass of
 

an equal volume of water, Mw:
 

Ms Ms/Vb Pb 

VW ) (1-2)-= Fw 	 (Vb = Yb = Mw wVw - w 

In the metric cgs system, because the standard density of water is one, 

The standard density unit in the International System of units Pb = Yb" 


(SI) is kg/m 3 , which is 103 times the density in cgs units.
 

Soil bulk density is determined by collecting a known volume of
 

soil, oven drying it, and determining its mass. The main difficulty is
 

to accurately determine the volume of a soil sample in its natural
 

state. Three basic methods used are
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1. 	 Inserting a rigid container of known volume such as a soil
 

tube into the soil and extracting a sample,
 

2. 	 Extracting a soil sample and then determining the volume of
 

the resulting hole, and
 

3. 	 Collecting a soil aggregate or "clod," coating it with an
 

impermeable material such as a paraffin, and determining its
 

volume by fluid displacement (Archimedes' Principle).
 

The primary difficulty with the first method is compaction of the
 

soil sample when the container is inserted due to friction against the
 

leading (cutting) edge and walls. Pounding with a hamer or force from
 

a hydraulic or mechanical driver is often required to insert the
 

container. The slow, even insertion possible with a hydraulic ram
 

minimizes sample compaction. A difficulty with the second method is
 

collecting the sample without compacting or disturbing the walls of the
 

hole or losing part of the sample. A separate apparatus, such as a
 

water-filled balloon or a measured volume of sand, is required to
 

measure hole volume. The third technique is the most difficult and time
 

consuming of the three, but is useful if the density of an irregular
 

shape such as a soil aggregate is required. The first two methods will
 

be used in this exercise.
 

1.2 	EQUIPMENT (see Fig. 1-1)
 

1. 	 "Oakfield" or comparable soil sampling probe or tube
 

2. 	 Hammer-driven, double ring soil sampling equipment such as a
 
"Uhland" sampler
 

3. 	 Hydraulic soil sampling rig such as a "Giddings" rig, and
 
tubes (Fig. 1-2)
 

4. 	 "Volumeasure" or comparable rubber balloon or volume measure­
ment device (Fig. 1-3)
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-At 

171. 

Figure 1-1. 	 Equipment used to collect bulk density
 
samples showing (from top right) "Uhland"
 
sampler and hammer, "Volumeasure" balloon
 
apparatus, and "Oakfield" soil p;:obe.
 

Figure 1-2. "Giddings" Hydraulic Figure 1-3. "Volumeasure" balloon 
soil sampler mounted apparatus. 
on a tractor. 
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5. 	Large spoon
 

6. 	Calipers
 

Also: 	 spade or shovel, spatula, soil sampling cans, oven,
 
dessicator, balance, and meter stick
 

Note: "Oakfield" probes and "Volumeasure" apparatus are
 
available from Soiltest, Inc., 2205 Lee St., Evanston,
 
Ill. 60202. "Uhland" samplers are available from Utah
 
State University, Technical Services, UMC 12, Logan,

Utch 84322. "Giddings" rigs are manufactured by the
 
Giddings Machinery Co., P.O. Box 2024, Ft. Collins, Co.
 
80522.
 

1.3 	PROCEDURE
 

1. 	Prepare the soil surface by removing vegetation and loose soil
 
and smonthing the surface.
 

2. 	Collect volumetric soil samples by each method given below at
 
0-30 cm and 30-60 cm depths.
 

3. 	Transfer the samples to soil cans and oven dry at 1051C for 24
 
hours.
 

4. 	Determine the oven-dry soil sample mass with a balance.
 

5. Calculate the bulk density of each sample.
 

Sampling Procedure 1: Manual soil probe
 

1. 	Insert the probe manually as smoothly as possible to the
 
desired sampling depth.
 

2. 	Carefully remove the core from the tube and select a portion
of the core that includes as much of the depth strata to be 
sampled as possible.
 

3. 	Smoothly cut the selected portion from the remainder of the
 
core with the spatula.
 

4. 	Measure the length of the sample and the inside diameter of
 
the soil tube cutting edge.
 

Sampling Procedure 2: Hydraulic soil probe
 

1. 	Follow the Sampling Procedure I above, except the probe is
 
inserted with the hydraulic rig.
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Sampling Procedure 3: 	 Pounded double ring soil probe
 

1. 	Assemble the double ring soil sampler with the ring insert.
 

2. 	 Excavate the soil to the appropriate depth and drive the probe
 
into the soil with the hammer provided.
 

3. 	 Carefully disassemble the probe, remove the insert ring, and
 
remove the excess soil from the ends of the insert with a
 
spatula.
 

4. 	 Transfer the insert and/or soil sample to the collection can.
 

5. 	 Measure the length of the insert and the inner diameter of the
 
tip.
 

Sampling Procedure 4: 	 Excavation method with rubber ballcon
 
assembly (Fig. 1-4)
 

1. 	 Place the field plate on the test site. If a subsurface
 
sample is desired, the soil must be excavated to the required
 
depth.
 

2. 	 Place the measurement assembly on the field plate.
 

3. 	 With the control valve closed, set the air pump for pressure
 
operation, open the control valve, pump the water-filled
 
balloon onto the test site and record the volume of water in
 
the cylinder. Do not overpump, or the apparatus will be
 
lifted off the soil surface giving a faulty reading. This is
 
the initial reading.
 

4. 	 Close the control valve, reverse the air pump to vacuum opera­
tion, open the control valve and return the water and balloon
 
to the cylinder.
 

5. 	 Remove the reservoir assembly without disturbing the field
 
plate.
 

6. 	 Excavate a soil sample through the center hole of the field
 
plate, leaving a hole with a diameter of approximately 10 cm
 
and and a depth of approximately 12 cm. A tablespoon is a
 
suitable tool for excavating the hole. Remove all the loose
 
soil from the hole. All excavated soil should be placed in a
 
soil can.
 

7. 	 Place the reservoir assembly on the field plate.
 

8. 	 With the control valve closed, set the air pump for pressure
 
operation, open the control valve, pump the water-filled
 
balloon down into the excavated hole and read the volume of
 
the water in the cylinder. Do not overpump. This is the
 
final reading.
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9. 	 Reverse the air pump to vacuum position and return the water 
and balloon to the cylinder. 

10. 	 Calculate the volume of the excavated hole by subtracting the
 
initial reading (Step 3) from the final reading (Step 8).
 

- Pressure Tube 

Graduated Water 
Reservoir 

0'AirPump 

Rubber Bol loon 
Air Pump Coupler 

Aluminum Field Control Valve 
Plate 

Figure 1-4. Rubber balloon assembly on the field plate'
 

1.4 	ANALYSIS AND DISCUSSION
 

Determine the average and interval estimate (at a 95 percent
 

probability) soil bulk density for each method and each depth using all
 

groups' data. Compare the results. Explain any reasons for differences
 

between the results of the various methods. Describe important factors
 

in collecting accurate bulk density samples (i.e., soil condition,
 

container geometry, driving method).
 

1.5 	 REFERENCES
 

American Society for Testing and Materials (ASTM). 1980. Density
 
of Soil in Place by the Drive-Cylinder Method (ASTM D2937-71),
 
Density of Soil in Place by the Rubber Balloon Method
 
(ASTM D2167-66), and Density of Soil in Place by the Sand-Cone
 
Method (ASTM D1556-64), in Annual Book of AST,1 Standards.
 
ASTM, 1916 Race St., Philadelphia, PA.
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Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and
 
F. E. Clark. 1965. Methods of Soil Analysis, Part 1,
 
Chap. 30, Bulk Density by G. R. Blake. ASA Monograph Series
 
No. 9. American Society of Agronomy, Madison, WI.
 

Commonwealth Bureau of Soils. 1974. Method for Analysis of
 
Irrigated Soils, J. Loveday, ed. Chap. 5, Bulk Density,
 
by D. S. McIntyre and J. Loveday. Technical Communication
 
No. 54. Commonwealth Agricultural Bureau, Farnham Royal,
 
Bucks, England.
 



Soil-Water Engineering Laboratory 
Exercise I 

Bulk Density Data Sheet 

Method 1: Manual Soil Probe Name 
2: Hydraulic Soil Probe Date 
3: Pounded Soil Probe 
4: Excavation/Balloon Sample Location 

Soil Description 

Sample VolumeSa p e M s 
ethod Depth Sample Methods 1 2 3 e Method 4 Can Sample MassBulk 

(cm) No. Tube Tip Sample Sample Initial Final Extracted No. Can and Can Sample Density 
Inner 
dia. 

Length 
(cm) 

Volume 
Vb 

Reading 
(cmV3 

Reading 
(cm3 

Volume 
Vb 

Sample 
Dry ass 

Mass 
(g) 

mass 
H 

Pb 

(cm) (cm ) (cm ) (g) (g) (g/cm3 
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EXERCISE 2
 

SOIL PARTICLE DENSITY AND POROSITY
 

2.1 INTRODUCTION
 

Porosity
 

The pores in a soil are the voids between the solid grains of the
 

soil. The air and 2oii water solution in the soil is stored in and
 

moves through these pores. Although the geometry of these pore spaces
 

is important in the determination of soil-water storage and movement,
 

the total pore volume is also a widely used parameter. The pore volume
 

of a soil will vary somewhat with the size and shape of the soil grains,
 

but the soil structure is a more important determinate.
 

The porosity of a soil, 0, is the ratio of the volume of pores, VP,
 

to the bulk volume of a soil sample, Vb.
 

V
 
V2 (2-1)
 
Vb
 

Soil pore volume can be measured directly using a gas pycnometer and the
 

relationship between gas pressure and volume (Boyles Law). Since the
 

pore volume is equal to the difference between the bulk volume and the
 

volume of the soil solids, Vs , the porosi-y can also be calculated if Vs
 

is known: 

Vb -Vb -Vs 
Vs - (2-2) 

Vb b 

If a bulk soil sample could be crushed and compacted to the point where
 

no voids remained, V5 could be determined directly. However, this is
 

not possible, so an indirect method must be used.
 

The pore space of an oven dry soil sample contains only air whose
 

mass is insignificantly small. Consequently, the mass of a dry bulk
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sample is equivalent to the mass of the solids, Ms . The ratio of the
 

solid and bulk volumes in Equation 2-2 can therefore be determined for a
 

sample if both the bulk density, Pb' and partizle density, PS, is known.
 

Since:
 

M
 
s (2-3)
 

5, 

then:
 
Vs = s/Ps b

S=-1 M =I - (2-4) 

Bulk and particle specific grhivities (Yb and ys) can be used in place of
 

densities.
 

Particle Density
 

The particle density of a soil is the density of the soil solids or
 

the average density of the individual soil grains. It will always oe
 

larger than the bulk density of the soil.
 

The volume of a known mass of soil grains can be obtained by using
 

a container of known volume and the Archimedes' Principle that a body
 

submerged in a volume of water will displace a volume of water equal to
 

the volume of the submerged body.
 

A container of known volume is called a pycnometer. Pycnometers
 

hold a standard volume of distilled water at 200C. Although pycnometer
 

volumes will increase slightly with temperature, the variations are
 

small and as long as temperatures are maintained within ±50C of the
 

standard temperature, no volume correction is necessary. Pycnometers
 

are of two basic types: vo]umetric flasks and stoppered bottles. The
 

bottles have a tight-fitting ground glass stopper with holes to vent
 

excess liquid. Although coarse-ground soils which are easily wetted and
 



transferred can be manipulated in a pycnometer bottle, a larger
 

volumetric flask is more practical for most soils.
 

The most direct method to measure particle density would be to add
 

a known mass of 7oil, Ms , to a known volume of water, Vw, and note the
 

volume of the mixture, Vsw. The particle density would be the mass of
 

the soil divided by the volume increase:
 

M
P s (2-5) 

s VSw - V w 

However, unless the soil grains are fairly large (i.e., sand and
 

gravels), it is difficult to disperse the soil in the water in a con­

tainer in which the volume change can be accurately measured. Trans­

ferring the mixture from one container to another without losing some of
 

the mixture is also difficult. Consequently, a known mass of soil will
 

be added to a volumetric flask, which is then filled with water.
 

The mass of water which has been "displaced" by the soil added to
 

the flask, Mdw , would be:
 

Mdw = Mfw + Ms - Ms (2-6)
w 


where: 

Nfw = the mass of the flask filled with water, and 

Nfsw = the mass of the flask filled with soil-water mixture. 

By the Archimedes' Principle, the volume of displaced water, Vdw, must 

equal the volume of the added soil, V . Since these volum~es are equal 

(Vs =Vdw): 

Mss P w Ms 

P V M /P M(2-7) 
s dw w fw s fsw 

The density of water, Pw, varies slightly with temperature, and 

thus a value of p should be selected from a table such as Table 2-1.
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It is evident from the listed values that the correction is more
 

academic than practical. Also, since impurities in water affect its
 

density very little, tap water can generally be used instead of
 

distilled water.
 

Table 2-1. Density of water at various temperatures. 

Density of Pure Water Pw (g/cm ) 
T(OC) 


4 1.0000
 
15 0.9999
 
20 0.9982
 
25 0.9971
 
30 0.9957
 
35 0.9941
 

The most serious source of error in the experimental determination
 

of soil particle density is not temperature or imputities in the water.
 

The major error will occur from not properly removiuS aitrapped air from
 

the soil-water mixture. Soil, when added to water, will hold entrapped
 

.air. If the air is not removed, the volume of entrapped air will result
 

in a decrease in Mfsw, which will result in too small a computed value
 

of Ps. Use of de-aerated water and removing entrapped air from the
 

mixture by boiling and/or with application of a vacuum will minimize the
 

error. Another source of error, which can also be important, is the use
 

of masses obtained from improperly balanced scales or from two different
 

poorly adjusted scales.
 

Typical values of ps which can be used as a guide in determining
 

whether the test results are reasonable are given in Table 2-2. Most
 

agricultural soils with less than 5 percent organic matter have particle
 

densities between 2.5 and 2.7. An often used average value is 2.65.
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Table 2-2. Typical values of soil particle density, ps
 
(adapted from Bowles (1970)).
 

ps(g/cm )Type 	of Soil 


Sand 2.65 - 2.67
 
Silty sand 2.67 - 2.70
 

Inorganic clay 2.70 - 2.80
 
Soils with micas or iron 2.75 - 3.00
 

Organic soils 	 Variable but may be under
 
2.00
 

2.2 	EQUIPMENT
 

1. 	100 ml volumetric flasks
 

2. 	Vacuum source regulated to no more than 30 kPa (9 in.Hg) and
 
fittings for the flasks
 

3. 	Small funnel
 

4. 	De-aerated water
 

5. 	Small pipette
 

Also: Balance (± 0.1g), mortar and pestle, #6 sieve, 250 ml
 
beakers, thermometer, wash bottle, oven, dessicator and
 
soil sample cans, de-aerated water
 

2.3 	 PROCEDURE
 

1. 	Prepare de-aerated water by attaching a vacuum to a container
 
of water for at least 24 hours. Be sure the container is
 
rated for the applied vacuum. Allow the water to stabilize at
 
room temperature. Use only this prepared water in the
 
experiment.
 

2. 	Weigh the dry volumetric flask to obtain Mr.
 

3. 	Carefully fill the volumetric flask with the de-aerated water
 
and weigh to obtain Mfw. Measure the temperature of the
 

water. Calculate the flask volume at the measured
 
temperature using pw taken from (or linearly interpolated
 

from) Table 2-1. Empty the flask.
 

4. 	Crush the soil aggregates with a mortar and pestle. Screen
 
out large gravel by passing the soil through a P6 sieve.
 
Measure out a portion of the sieved soil, weigh, oven dry
 
(105 0C for 24 hours), and reweigh to determine the soil
 
moisture content.
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5. 	 Measure out a small amount (about 30 g) of sieved soil, M
 

and mix with de-aerated water in a beaker to form a creamy
 
paste. Add enough additional water to the paste to form a
 
suspension, but keep the total volume of the mixture less than
 
1/2 the volume of the flask.
 

6. 	 Transfer the soil-water mixture to the volumetric flask. A
 
small funnel will prevent losing any of the sample. Be sure
 
to wash all the soil from the beaker into the flask. This
 
proess is difficult with some soils. If all the soil cannot
 
be transferred to the flask, M can be determined after com­
pletion of the volumetric measurements by oven drying the
 
soil-water mixture. Now, add more water to the flask until it
 
is two-thirds to three-quarters full. Do not fill water into
 
the neck of the flask as this will reduce the efficiency of
 
the vacuum.
 

7. 	 Attach the flask to the vacuum for at least 10 minutes, as 
shown in Figure 2-1. Volumetric flasks are not designed for 
use under a vacuum, so vacuums above 30 kPa should not be used 
and care should be taken while handling the flasks. During 
this time, ;ently agitate the mixture by carefully shaking and 
turning the bottle. Observe that the reduced air pressure in 
the flask causes the water to "boil." To check the efficiency 
of the air-removal process, fill the flask into the neck about 
1 cm, reattach the vacuum to the flask and observe if the 
water level remains substantially at the same level. If the 
water rises in the neck of the flask under vacuum, the air has 
not been completely removed. Allow the suspension to sit for 
a short period of time to clear, then remove enough water to 
get the surface below the bottom of the neck with A pipette 
and continue the vacuum process until all the air has been 
removed. F',r fine soils, this may take 30 minutes or more.
 
For some soils, the air removal can be accomplished more
 
efficiently by boiling (with heat) in conjunction with the
 
vacuum application.
 

8. 	 When the entrapped air removal process is complete, carefully
 
add de-aerated water until the bottom of the meniscus is
 
exactly at the volume mark. Care must be taken at this point
 
to avoid reintroducing the entrapped air into the mixture.
 
Organic residue in the sample may float to the top and make
 
the meniscus difficult to see. This residue can be siphoned
 
off with a pipette.
 

9. 	 Weigh the flask and its contents to the nearest 0.1 g to
 
obtain Mrsw . Measure the temperature of the mixture.
 

10. Compute ps using Equation 2-7.
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2.4 ANALYSIS AND DISCUSSION
 

Determine the mean and confidence interval for the particle density
 

for each soil sample utilizing data from each group. How do the results
 

compare to the values given in Table 2-2. Is the variability reason­

able? What might be its causes?
 

Is the measured value of the flask volume close to the given value?
 

If not, where might the error lie?
 

Figure 2-1. 	 Removing entrapped air from the soil-water mixture
 
with a vacuum.
 

2.5 REFERENCES
 

",,American Society for Testing and Materials (ASTM). 
 1980. Specific
 
Test Method of Specific Gravity of Soils (ASTM D854-58) in
 
Annual Book of ASTM Standards. ASTM, 1916 Race St.,
 
Philadelphia, PA.
 

Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and F. E. 
Clark. 1965. Methods of Soil Analysis, Part 1, Chap. 29, 
Particle Density, by G. R. Blake. ASA Monograph Series #9. 
American Society of Agronomy, Madison, WI. 
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Measurement. McGraw-Hill, N.Y., p. 56.
 

Bureau of Reclamation (USBR). 1974. Earth Manual, Appendix E-10:
 
Specific Gravity of Soils. U. S. Dept. of Interior, USBR.
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Commwealth Bureau of Soils. 1974. Method for Analysis 
of
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Soil-Water Engineering Laboratory
 
Exercise 2
 

Particle Density and Porosity Data Sheet
 

Name
 

Date
 

Sample Description 1.
 

2.
 

3. 

Test 1 2 3 

Volume of flask at 200C, Vf (cm
3) 

Mass of flask, Mf (g) 

Mass of flask and water, Mfw (g) 

Water temperature, T (OC) 

Density of water at T, Pw (g/cm3) 
3)

Measured flask volume, Vf(cm


Air-dry moisture content sample
 
+ can mass (g)
 

Oven-dry moisture content sample
 
+ can mass (g)
 

Mass of soil can (g)
 

Air-dry moisture content, W
 

Mass 	of air-dry soil added to
 
the flask (g)
 

Mass of dry soil added to the
 
flask, M (g)
 

(M = (l-W) x Air-Dry Mass)
s 


Mass of flask and soil-water
 
mixture, Mfs w (g)
 

Mass of displaced water, Mdw (g)
 
(1dw = Mfw + Ms - fsw )
 

(g/cm )
Soil particle density, Ps 


=
(Ps PwMs/Mdw) 

Soil bulk density, Pb (g/cm ) 

(from Exp. 1) 

Soil porosity, 0 I - (pb/Ps) 
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EXERCISE 3
 

PARTICLE-SIZE ANALYSIS
 

3.1 INTRODUCTION
 

The most important single piece of information to know about an
 

agricultural soil is the distribution of particle sizes, often referred
 

to as texture. Soil textures have been catagorized into soil types such
 

as sands or clays for easier use. Particle-size distribution has an
 

important influenre on a soil's permeability or water intake rate, its
 

water storage capacity, its ability to aggregate and propensity for
 

crusting, and the chemical makeup of the soil water. Particle-size
 

distribution is also important in the design of gravel filters for
 

drainage tile or well screez-s, and for numerous engineering applications
 

involving construction with earth materials.
 

Particle-size (or grain-size) analysis is a procedure to determine
 

the relative proportions of the different particle (or grain) sizes
 

which make up a given soil mass. Two techniques will be used in this
 

exercise to separate the soil particles into particle-size ranges.
 

Coarse particles (sands and gravels) can be separated with mechanical
 

sieves. The distribution of fine particle sizes (silts and clays) are
 

determined by uniformly dispersing the soil in water and kneasuring how
 

quickly the particles fall in the mixture. In this exercise, a
 

hydrometer will be used to measure the fall rate, which can be related
 

to particle size by Stokes' equation. Other sedimentation methods, such
 

as the pipette method, involve sampling the soil water mixture to
 

determine the density of the mixture at different depths over time.
 



19
 

Sieve Analysis
 

Sieve analysis involves passing a soil sample through sieves with
 

successively smaller holes. Consequently, the method cannot determine
 

individual particle sizes. It only divides the particles into size
 

All particles retained
categories bracketed by the sieve opening sizes. 


on a given sieve in a stack are larger than the holes in that sieve but
 

smaller than the previous sieve's holes. By dividing the mass retained
 

on each sieve by the total mass, the percent of the particles in each
 

size range cAn be determined.
 

are made of woven wire screen. They are available in many
Sieves 


hole sizes from 100 mn to 0.037 mm. The smallest practical size is the
 

0.074 mm #200 sieve, since it is difficult to even pass water through
 

smaller holes. Occasionally the J1270 sieve (0.053 mm) is used to
 

separate the sand from the silt fraction, but sieve analysis is usually
 

used only to separate out sand and gravel particles.
 

The 	openings in sieves are square. The opening size is the
 

the square opening. Since soil particles
distance b2tween two sides of 


are highly irregular in shape, some particles with longer dimensions
 

will occasionally pass through a given sized opening while others with a
 

shorter dimension may never become properly oriented to pass through the
 

Sieve analysis data must be accepted with this limitation.
opening. 


Also, neither sieve analysis nor hydrometer analysis provides
 

information about the shapes of the particles.
 

A more serious limitation of sieve analysis of soil materials is
 

their elemental
the difficulty of separating all the particles into 


grains without crushing some of the grains. Also, finer particles will
 

often adhere, due to electrostatic forces, to larger particles, and thus
 

will be measured as larger-sized particles.
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The best method of performing sieve analysis on soils is to 

pulverize an air-dry sample, then wash the fines through a 0200 sieve. 

That 1frtion of the sample retained on the #200 sieve is easy to 

pulverize after oven drying and no fine particles will remain to attach 

to the larger particles. 

Hydrometer Analysis
 

When soil particles are evenly dispersed in a fluid, the density of
 

the suspension is initially uniform. As time passes, the particles
 

begin to settle out with the larger particles settling out most quickly.
 

Consequently, the density of the suspension varies vertically through­

out the suspension and continually changes with time. A hydrometer
 

suspended in the soil-water mixture will indicate the density at the
 

elevation of its bulb, which is in turn related to the amount of sedi­

ment still suspended at that elevation.
 

As the particles continue to settle out, the hydrometer will fall
 

deeper in the suspension. The fall of the hydrometer equals the fall
 

rate of the particles which are just larger than those which remain in
 

suspension at the hydrometer midpoint. Stokes' law, based on fluid
 

mechanics principles, gives the velocity of fall of a sphere in a fluid
 

as a function of the diameter of the sphere, its density, and the
 

density and viscosity of the fluid.
 

2 g(Ps - Pf)D 2
 2g(Ps- Pf) 

= 18nl (3-1) 

where: 

v = velocity of fall of a sphere (cm/sec), 

Ps density of the sphere (g/cm3), 

pf density of the fluid (g/cm3), 



absolute (dynamic) viscosity of the fluid (dyne-sec/cm2),
= 

D = diameter of the sphere (cm), and
 

g = acceleration of gravity (cm/sec2).
 

Solving Equation 3-1 for D and using the density of water, pw, for pf,
 

one obtains:
 

D:g(Ps "Pw ) 1/2 (-2l8rv 1 (3-2) 

Thus, a hydrometer reading at any time after the suspension begins
 

to settle will indicate not only the amount of sample particles still in
 

suspension at a given depth, but also, using Eq. 3-2, the diameter of
 

largest particle still suspended at that depth. In other words, the
 

percent of the total sample which is smaller than a given diameter (or
 

the percent finer) is determined. By repeating the readings over
 

several hours as the particles continue to fall, different suspension
 

densities are read at different depths allowing the percentage of the
 

sample which is smaller than several different particle diameters to be
 

determined. This is the information required to divide the sample into
 

particle sizes.
 

Stokes' law, and consequently Eq. 3-2, is not valid for particles
 

larger than 0.2 mm because they fall rapidly enough to create fluid
 

turbulence, or for very small particles (<0.0002 mm) because they are
 

affected by molecular forces of attraction and repulsion (Brownian
 

movement).
 

A special hydrometer, called the type 152H (ASTM designation) has
 

been developed to make particle-size analysis easier. The type 15211 is
 

calibrated to read directly in grams of soil with a density of
 

3
2.65 gm/cm 3 remaining suspended in 1000 cm of fluid of a density of
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3 31.00 gm/cm . A 1000 cm hydrometer cylinder is used to hold the soil­

water suspension. 

Since the temperature of the soil-water suspension is not likely to
 

be 4*C, the density of the soil particles may not be 2.65, and a
 

dispersing agent must be used in the suspension, corrections must be
 

applied to the actual hydrometer reading to make it accurately read the
 

grams of soil still in suspension. The effect of the water temperature
 

and dispersing agent on the hydrometer reading, can be accounted for by
 

making an adjusted zero hydrometer reading (the zero correction value)
 

in a standard jar of clear water with the same quantity of dispersing
 

agent as is used in the soil suspension and at the same temperature as
 

the suspension. Adjusted zero readings, as well as soil solution
 

readings, should be taken at the top of the meniscus, since it is
 

difficult to read the hydrometer scale below the meniscus in the turbid
 

soil-water mixture.
 

Once the hydrometer reading has been adjusted by subtracting the
 

zero correction value, the percent finer can be computed by simple
 

proportion as:
 

Percent finer = R-- x 100 (3-3) 
s 

where
 

R' = grams of soil in suspension at some elapsed time, t (it
 
is also the adjusted hydrometer reading),
 

M = mass of original soil sample placed in suspension, g, and
 
5
 

= a multiplier to adjust for particles with a density, Ps,
 
other than 2.65., defined by:
 

Ps/(Ps" Pw) 0.62ps 
a = 2.65/(2.65 - pW) - (Ps - ) w= .) (3-4) 

http:2.65/(2.65
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The velocity of fall of particles in the solution is related to the
 

..drop of the hydrometer in the soil-water mixture, L, in a given time, t:
 

v = L/t (3-5)
 

Equation 3-5 can be inserted into Equation 3-2 to give, rewritten using
 

L in centimeters, t in minutes, and D in millimeters:
 

D [g<on )-j 12  [.o03o (L1/2 (3-6) 

This can be simplified to:
 

D = K 1/2 (3-7)
 

since all factors except L and t will be fairly constant throughout
 

the measurement process. The constant, K, is a function of the soil
 

particle density and the water viscosity and density, which in turn vary
 

only with temperature. Thus, K can be evaluated in terms of Ps and
 

temperature, as has been done in Table 3.2.
 

The fall distance, L, is measured relative to the center line of
 

the hydrometer. Consequently, the hydrometer scale reading must be
 

related to the center line. This can be determined for any hydrometer
 

by suspending it at various depths in a fluid, measuring the depth to
 

the center line and recording scale readings. Table 3.3 lists the
 

effective depth, L, for various readings, R, for the standard 152H
 

hydrometer. Note that these hydrometer readings must be adjusted to the
 

bottom of the meniscus.
 

to
A dispersing agent must be added to the soil-water suspension 


neutralize the charges on the soil particles. The particles often have
 

plus or minus charges, and with proper orientation these charged soil
 

grains will be attracted to each other with sufficient force to remain
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attached, thus creating larger particles. According to Stokes' law,
 

these larger particles will settle faster through the fluid than the
 

smaller particles. Sodium hexametaphosphate ("Calgon") is used as a
 

dispersal agent to neutralize the soil-particle charges.
 

Presentation of Results
 

Complete information about the particle-size distribution of a soil
 

can be presented concisely in the form of a particle-size cumulative
 

distribution curve, an example of which is shown in Figure 3.7.
 

Particle sizes are plotted logarithmically, since they cover such a wide
 

range, on the abscissa; while the percent of the total particles which
 

are finer is plotted on the ordinate.
 

Since the derivative of a cumulative distribution curve will yield
 

a "density" curve for the distribution, the slope of the curve at any
 

particle size will give the relative amount of particles in that size
 

range. A "flat" portion of the curve indicates few particles in that
 

size range, while a steep portion indicates many like-sized particles.
 

Agriculturalists normally group partic]e sizes into three primary
 

categories: sand, silt, and clay, and classify soils according to the
 

percents of each size classification present. Figure 3.1 and Table 3-1
 

give the USDA size and type classifications.
 

For engineering purposes it is usually more convenient to use
 

parameters which describe the shape of the particle-size distribution
 

curve. From the distribution curve, particle sizes such as D10, DS5 ,
 

and D50 can be obtained. The D refers to the particle size, or effec­

tive diameter of the soil particles, and the subscript (10, 85, 50)
 

denotes the percent which is smaller. For example, D10 = 0.21 mm means
 

that 10 percent of the sample particles are smaller than 0.21 mm.
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Figure 3-1. 	 Proportions of sand, silt, and clay in the basic soil­

textural classes (from U.S. Dept. Agric. 1951. Handbook
 
4I18, Soil Survey Manual, p. 503.
 

Table 3-1. 	 Soil particle size classifications (from Soil Conservation
 

Service Engineering Handbook, Section 15: Irrigation,
 
Chapter 1: Soil-Plant-Water Relationships. USDA, 1964).
 

Soil Separate 	 Particle Diameter
 

Very coarse sand 2.0 - 1.0 
Coarse sand 1.0 - 0.5 

Mlediumi sand 0.5 - 0.25 
0.25 - 0.1 

Very find sand 0.1 - 0.05 
Fine sand 


Silt 0.05 - 0.002 
Clay Less than 0.002 
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An indication of the spread (or range) of particle sizes is given
 

by the "coefficient of uniformity," Cu, defined as:
 

C = D60 	 (3-8) 
uD10
 

A large value of Cu indicates that there is a wide range of particle
 

sizes in the soil.
 

3.2 EQUIPMENT (See Fig. 3-2)
 

U.S. 	Standard Hole
 
Sieve No. Size
 

1. 	Set of sieves such as: #10 2.00 mm
 
1/20 0.814 nmn
 
#40 0.420 mm
 
#60 0.250 mm
 
#140 0.105 mm
 
1200 0.074 mm
 

including a lid and pan
 

2. 1,000 cm3 hydrometer jar (2)
 

3. 152H model hydrometer
 

4. #13 rubber stopper
 

5. Soil dispersion device (malt mixer)
 

6. Soil dispersion agent (sodium hexametaphosphate -- "Calgon") 

7. Soft-bristled brush
 

Also: 	 mortar and pestle, thermometer, distilled or deionized
 
water, wash bottle, 250 ml beaker, laboratory scoop,

watch, soil can, oven, balance, and dessicator
 

3.3 PROCEDURE
 

Sample Preparation
 

1. Weigh and crush with a mortar and pestle about 500 g of air­
dry soil, or enough so that at least 450 g pass through the
 
coarse (#10) sieve.
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Figure 3-2. Equipment used to measure particle-size distribution showing
 
(from left), a stack of sieves, soft brush, wash bottle,
 
malt mixer, thermometer, mortar and pestle, soil can,
 
and hydrometer and jars.
 

Fu. 


Figure 3-3. Shaking the stack of sieves.
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2. 	 Pass the sample through a #10 (2.00 mi) sieve. Recrush the
 
soil retained on the sieve until all aggregates are broken,
 
and resieve it. Weigh the retained sample. Determine the
 
percent of the sample which passed through the sieve and
 
record on the Sample Preparation Data Sheet.
 

3. 	 Divide the passed portion into:
 

a. 	about 300 g for sieve analysis,
 
b. 	between 110 g (coarse soils) and 60 g (fine soils)
 

for hydrometer analysis, and
 
c. 	about 50 g to determine the air-dry moisture content.
 

4. 	 Weigh, oven dry (@ 1051C for 24 hours), and reweigh the 
moisture content sample. Determine the moisture content of 
the air-dry sample and record on the Sample Preparation Data 
Sheet. 

Hydrometer Analysis
 

Note: All water used in this analysis should be either distilled or
 
deionized and equilibrated to room temperature.
 

1. 	 Weigh the hydrometer sample. The sample mass should be
 
between 60 and 110 g depending on the anticipated particle
 
sizes, with finer samples being smaller.
 

2. 	 Place the sample in a 250 ml beaker and add 125 ml of
 
4 percent sodium hexametaphosphate dispersing solution. (This

solution is made by adding 40 g of dry NaPO4 1,000 ml
to of
 
water). Stir the mixture until thoroughly wetted, and let
 
stand for at least one hour.
 

3. 	 Pour and wash the mixture into the malt mixer cup. Add de­
ionized water until the cup is at least half full and mix for
 
about one minute.
 

4. 	 Immediately after mixing, pour and wash the soil-water slurry
 
into the hydrometer cylinder. Fill the cylinder to the
 
1,000 ml line with deionized water. Place a rubber stopper
 
(#13) over the end of the cylinder and turn the cylinder

upside down and back for a period of one minute at about 30
 
"cycles" per minute 
to 	complete agitation of the slurry.
 
Insure (by shaking if necessary) that particles do not aggre­
gate 	at either end of the cylinder.
 

5. 	 Set the cylinder on the counter and immediately begin counting

time. Carefully place the hydrometer in the cylinder and take
 
readings (at the top of the meniscus) after 1, 2, 3 and 4
 
minutes. If the hydrometer floats too high and readings
 
cannot be taken, there is too much soil in the slurry and a
 
new 	mixture must be prepared.
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6. 	 After the 4th, and each subsequent reading, the hydrometer
 
should be removed from the cylinder and stored in a cylinder
 
of room temperature tap water. The hydrometer is placed in
 
the hydrometer cylinder a few seconds before each reading.
 
This, as well as removal, should be done very carefully,
 
smoothly, and slowly (requiring about 10 seconds) so as not to
 

create turbulence in the cylinder. The hydrometer is removed
 
because soil grains become attached to it.
 

7. 	 Readings should be taken after about 1, 2, 3, 4, 6, 10, 20,
 
and 40 minutes, 1, 1 1/2, 2, 2 1/2, And 3 hours, and 1 day.
 

8. 	 Temperature of the soil-water mixture should be measured and
 
recorded periodically.
 

9. 	 A correction for the density of the dispersant-water solution
 
at the room temperature and the meniscus error in the readings
 
should be determined by placing the hydrometer in a cylinder
 
of dispersant solution at the same temperature and concen­

tration as the mixture in the hydrometer cylinder. This zero
 
correction value reading, R5 (at the top of the meniscus)
 
should be subtracted from the regular readings, R, to get the
 
adjusted readings, R', on the data sheet.
 

Sieve Analysis
 

1. 	 Place the weighed sieve analysis sample on the 11200 sieve and
 
"wash," with tap water, the fine particles through the sieve,
 

until the wash water comes out clear. Be careful not to
 

splash soil out the top of the sieve. Being careful to not
 

damage the delicate sieve screen, scoop and wash the retained
 

soil into a soil can, pouring off all excess water after the
 

particles have settled. Dry in an oven 1051C for about
at 

24 hours.
 

2. 	 Weigh the dried soil sample, crush it with the mortar and
 

pestle, and transfer it to the top of a stack of about five
 

sieves arranged in decreasing hole size with a pan on the
 

bottom and a lid on top. Suggested sieve sizes so that data
 

points are well spaced on a semilogrithmic plot are listed in
 

the Equipment section.
 

3. 	 Shake the sieve stack for at least 1 minute (Fig. 3-3).
 

4. 	 Weigh the soil retained on each sieve. This can be done
 

either by weighing the sieve and soil and then removing the
 

soil to get a tare weight for the sieve, or by pouring and
 

brushing the soil into a weighing container or onto a paper.
 

The finer sieves are very delicate and utmost care must be
 

used in removing the soil to not damage them. A soft brush
 

such 	as a paint brush should be used to clean the screen.
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Calculations
 

Note: Sample data and calculated results are shown on Figures 3-4 to
 
3-7.
 

Hydrometer Analysis
 

1. 	 Convert the air-dry sample mass to oven-dry mass by multiply­
ing by one minus the air-dry moisture content, (1 - W).
 

2. 	 Determine the Total Effective Hydrometer Sample mass, Ms, by
 
dividing the oven-dry hydrometer sample mass by the percent of
 
the total sample which passed through the coarse (#10) sieve.
 

3. 	 Calculate the particle density correction factor (a) from
 
Equation 3-4 for the estimated or measured particle density.
 

4. 	 Subtract the zero correction factor reading, R , from the
 
hydrometer reading, R, to get the adjusted hydrometer reading
 
(RI).
 

5. 	 Calculate the percent smaller (passed), P, by Equation 3-3:
 

p = R'a x 100 	 (3-3) 

s 

6. 	 Read the K factor from Table 3-2 for the appropriate temper­
ature and particle density.
 

7. 	 Read the effective depth, L, from Table 3-3 for the various
 
hydrometer reading values, R, adjusting only for the meniscus.
 

8. 	 Calculate the particle diameter, D, by Equation 3-7:
 

Sieve Analysis
 

1. 	 Determine the oven-dry sample mass by multiplying the air-dry 
mass by one minus the air-dry moisture content, (I - W). 

2. 	 Determine the sample mass passing the #200 sieve by
 
subtracting the retained sample oven-dry mass from the total
 
sieve sample oven-dry mass.
 

3. 	 Determine the masses which passed through each sieve by
 
summing the masses retained on each finer sieve. The mass
 
passed plus that retained on the coarsest sieve should equal
 
the mass of the sample retained on the #200 sieve. If it is
 
off by more than 5 percent, too much soil has been lost during
 
sieving and the sieve analysis should be rerun.
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4. 	 Add the mass which passed the #200 sieve during the washing to
 
each "Mass Passed" to get the "Total Mass Passed."
 

5. 	 The "Total Mass Passed" plus the mass retained on the coarsest
 
sieve is the total mass passed by the #10 sieve during the
 
sample preparation. This value divided by the percent passed
 
by the 10 sieve (from the Sample Preparation Data Sheet) is
 
the "Total Effective Sample Mass."
 

6. 	 Divide all "Total Masses Passed" by this "Total Effective
 
Mass" to get percent passed by each sieve, which is the
 
percent finer than each sieve size.
 

Presentation of Results
 

1. 	 Plot percent passed (finer) for both the sieve and hydrometer
 
analysis on the 4 cycle semilog graph paper provided.
 
Differentiate between the two types of data points.
 

2. 	 Determine the percent sanC, silt, and clay and soil type using
 
Figure*3-1 and Table 3-1. Note that gravel (> 2.00 mm) is not
 
considered soil in this classification. All other fraction
 
percentages must thus be increased proportionately.
 

3. 	 Calculate a coefficient of uniformity, C , for the soil from 
Eq. 3-8
 

..3.4 ANALYSIS AND DISCUSSION
 

Do the curves of the sieve and hydrometer fit together smoothly?
 

If not, discuss some reasons.
 

Since only 3 size ranges are normally used in classifying agricul­

tural soils, how can this procedure be simplified and the basic infor­

mation still be gained.
 

What can you predict about the soil-water properties of the
 

measured soils based on their particle-size distribution?
 

3.5 	 REFERENCES
 

American Society for Testing and Materials (ASTM). 1980. Standard
 
Methods. Standard Method of Particle-Size Analysis of Soils
 
(ASTM D422-63) in Annual Book of ASTM Standards. ASTM,
 
1916 	Race ST., Philadelphia, PA.
 



32
 

Black, C. A., D. D. Evans, J. L. White, L. E. Ensminger, and
 
F. E. Clark. 1965. Methods of Soil Analysis, Part 1.
 
Chap. 43, Particle Fractionation and Particle-Size Analysis by

P. R. Day. ASA Monograph Series No. 9, American Society of
 
Agronomy. Madison, WI.
 

Bureau of Reclamation (USBR). 1974. Earth Manual, Appendix E-6,
 
Gradation Analysis of Soils. U. S. Dept. of Interior, USBR,
 
Second Ed.
 

Commonwealth Bureau of Soils. 1974. Method for Analysis of
 
Irrigated Soils, J. Loveday, ed., Chap. 11, Particle Size
 
Analysis by D. S. McIntyre and J. Loveday. Technical Communi­
cation No. 54. Commonwealth Agricultural Bureau, Farnham
 
Royal, Bucks, England.
 

United States Department of Agriculture, Soil Conservation Service.
 
1979. Engineering Field Manual. USDA, SCS.
 



33
 

Table 3-2. Values of K for use in Equation 3-7 for several unit
 
weights of soil solids and temperature combinations
 
(adapted from ASTM (1980)) p. 222.
 

Density of soil aclids, Z (C/c 
3
 

Ten;. 

(00 2.50 2.55 2.60 2.65 2.70 2.75 2.60 2.E
 

16 0.0151 C.011. 0.0146 0.0144 0.014i 0.139 0.0137 C.0138
 

17 0.0149 0. 14f 0.0144 U.0142 0.Z10 0. 8 0.013S C.­

18 0.0146 0.0144 0.C12 0.014' 0.0135 0.413E 0.013; C.:I:
 
19 0.0145 0.0143 0.0140 0.013E 0.C:36 0.0134 0.0312 C.:::_
 
20 0.0143 0.0141 0.C139 0.0137 0.0134 0.C133 0.012: C.C::
 

21 0.0111 0.0139 0.0137 0.0135 0.0133 0.0131 0.01:S 0.'127
 
22 0.0140 0.0137 0.C135 0.0133 0.0131 0.0129 O.OI:s 0.:!2
 
23 0.0138 0.0137 0.0134 0.0132 0.0130 0.0126 C.C126 C.01:.
 
24 0.0137 0.0134 0.0132 0.013C 0.0126 0.C126 0.01:5 C.01:3
 
25 0.0135 0.0133 0.0131 0.0129 0.0127 0.01:5 0.01:3 C.C!2
 

26 0.0133 0.0131 0.0129 0.01 ' 0.0125 0.0124 0.01w2 0.?C1:
 
27 0.013: 0.013: 0.0126 0.0126 0.0124 0.C122 0.01: 0.C:I?
 
28 0.0130 0.0125 0.0126 0.0124 0.0123 0.0121 0.0119 C.4117
 
29 0.0129 0.0127 0.0125 0.0123 0.0121 0.0120 0.011B C.Cl1l
 
30 0.0128 0.0126 0.0124 0.0122 o.C12C 0.0118 o.0117 0.:::5
 

Table 3-3. 	Values of L (effective depth) for use in Stokes' formula
 
for diameters of particles for ASTM soil hydrometer 152H
 
(adapted from ASTM (1980) p. 221.
 

OriginalOricinal 	 Original 
Effective Hydrcne:er Ef e:cte
Hydro=eter Effective Hydrone:er 


readir depth . Teadn:. dep:h L readinz deptc
 

(corrected fcr (cm) (ccrrected fcr (CM) (corrected fcr (C=e,
 

meniscus only) meniscus on:) meniscus n",
 

9.4
12.9 42
0 16.3 21 

9.:
12.7 43


1 16.1 22 

44 5.1
2 16.0 23 12.5 

45 5.9
3 15.8 24 12.4 

46 5.5
4 15.6 25 12.2 


5.6
5 15.5 26 12.0 47 

48 8.4
6 15.3 27 11.9 

49 5.3
7 15.2 28 11.7 

50 -.1
8 15.0 29 11.5 

51 1.9
9 14.8 30 11.4 

52 7.e
10 14.7 31 11.2 


11 14.5 32 l.1 53 7.6
 

12 14.3 33 1C.9 5. 7.4
 
55 7.2
13 14.2 34 10.7 


14 I.0 35 1:,3 56 7.1
 
57 7.C
15 13.8 36 1C.4 
58 6.8
i1 13.7 37 10. 

59 6.6
1 13.5 3E 10.1 

60 6.5
18 13.3 39 9.9 


1i 13.: 40 9.7
 
20 13.0 41 9.E
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Soil-Water Engineering Laboratory
 
Exercise 3
 

Particle-Size Analysis
 

Sample Preparation Data Sheet
 

Name jcpi 

Date "..;/!eI 

Sample Description 5o-Iry FAAy, ,FIFLn w 

Total Air-Dry Sample Mass and Tare (g) ./d.: 

Tare (g) : ."f 

Total Air-Dry Sample Mass (g) "7'.'J"
 

Mass of Air-Dry Sample Retained on the #10 sieve (g) '.*
 

Percent of Sample Retained on the #10 sieve (%) .. 

Percent of Sample Passing the #10 sieve (%) 11.. -: 

Air-Dry Mass of Moisture Content sub-sample + tare (g) /' / 

Oven-Dry Mass of Moisture Content sub-sample + tare (g) .-. ,. 

Tare (g) ;.. 

Air-Dry Moisture Content, W _ _ . _ _ 

Figure 3.4. Sample data--sample preparation.
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Soil-Water Engineering Laboratory
 
Exercise 3
 

Particle-Size Analysis

Hydrometer Analysis DaLa Sheet
 

Name H.7"t
 
Date e;/c.!I
 

Sample Description Is,71T " --

Hydrometer sample mass (air dry) (g) __ -/.__ _. 

Hydrometer sample mass (oven dry) (g) 5e, /_2. 

Total Effective Hydrometer Sample
 
Mass (oven dry), M9 (g) 6'_._/-3
 

Particle density, ps (g/cm3)
3 -.. ; Correction iactor, !. 

Time Elapsed Hydrometer Zero Corr. Temp Adjusted K 2 Effective3 Particle 4 Perce
 
time reading reading (*C) reading factor depth diameter small
 
t R R R' K L D P
 

(min) (g/2) / U/) (cm) (mm) W
 

H."3 0 
LL • • 5 _.____,. ,___._y - /5,D - .' . "I 

/&-,, 
 _ _ _.___ 

7. -3 ."' .03 z-5 ..
 

.3,.' 13 1/ 1"/ 7" 

' _/_.,_ /I.U I.. ______ .'" ,'. ,O/.:,' /v.7 ­

q* /'.t.;5 i5& ,- ,'/i .D'i 3. h..5: ,os . __ ,I , 

1From Eq. 3-4 4
 

2From Table 3-2
 
S3 = ELS x 100
 

3From Table 3-3 P
 
s
 

Figure 3-5. Sample data--hydrometer analysis.
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Soil-Water Engineering Laboratory 
Exercise 3 

Particle-Size Analysis 
Sieve Analysis Data Sheet 

Name JOWA,I 1l 

Date /,/gj 

Sample Description JiI?'l - -

Sample mass + tare (g) ___/._____.­

tare (g) ,'. c5 
Sample mass (air dry) (g) ;,0.:t 

Sample mass (oven dry) (g) /. . 
Sample mass retained on #200 sieve (oven dry) + tare (g)_ '= / 

tare (g) ;' /;' 

Sample mass retained on /200 sieve Cg) _.__/. ______ 

Sample passing #200 sieve (g) ._, ______ 

Percent passing the G10 sieve (%) . . • 

Total Effective Sample Mass (g) 

Sieve Hole Mass 
# size retained 

(mm) (g) 

Mass 
passed 
(g) 

__.,_,_,,._-,.. 

Total 
Mass Passed 

(g) 

_"_, 

Pe 
pa 

f__7___3__5___C7 

50 ­7- -­, 2 
Cf76 

7. "'9 

.57 17.. 

*Sum of wet and dry sieving. 

Figure 3-6. Sample data--sieve analysis. 



Na me JQyH-w. r7y1/ 

DaLe__ A/)_-

Sample DescriptionS/.TIfi/ , F/LJ .Qi'fL&- / 

100 	 . - • 

Soil, Type ' ,l l, ; , -,
 
8 0:: " I' I I , I1. "i '"" '"
 

7 0 I 1:1 . .. . I
 

70 I I., 	 , I , I .I I .I; Ili.. / i! H :I l;11 ;,;,,, I 1 11

80
 

i: I
I . , I I II Ii 	

, I 11 	 : i;,.l !:ll II'I* :1 MI"I i 'i... , ;. , 1I I I l: 'I lI ;:i a , ! 


20 I ''*I . • l i • I I
 

3o. . , I , ; , , ix , 	 I ,'.= ! , . l~ ,I,, ;..x
-.. , ." ", : ' !',x
a . .. 	 -J :i i I . , I I , ! I , ';,: I' : - . ;,'. i
 
• , .: • •I ! I I 	 ;.." * I ;I "" ,........ I ....

30:',,l':l; X 	 .I I 
4 0 ' . , , . * ! ., ; , , . .t i t , 1 1 ,, 	 , ; . . 

I r~ 1- . pl t. t "(i i "I/ ;'. .. .	 ' ,ito' ' 

0.001 	 0.005 0.01 005 0.1 0.5 1 5 10
 

Particle Size (D) (mm)
 

IFigir,, 3-7. Saimle ,I;tal Ia;rticle -size dlistribl-tion. 



38
 

Soil-Water Engineering Laboratory
 
Exercise 3
 

Particle Size Analysis
 

Sample Preparation Data Sheet
 

Name
 

Date
 

Sample Description
 

Total Air Dry Sample Mass and Tare (g)
 

Tare (g)
 

Total Air Dry Sample Mass (g)
 

Mass of Air Dry Sample Retained on the #10 sieve (g) 

Percent of Sample Retained on the #10 sieve (%) 

Percent of Sample Passing the #10 sieve (%) 

...Air-Dry Mass of Moisture Content sub-sample + tare (g)
 

Oven-Dry Mass of Moisture Content sub-sample + tare (g)
 

Tare (g)
 

Air-Dry Moisture Content, W
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Soil-Water Engineering Laboratory 
Exercise 3 

Particle Size Analysis 
Hydrometer Analysis Data Sheet 

Name 

Date-

Sample Description 

Hydrometer sample mass (air dry) (g) 

Hydrometer sample mass (oven dry) (g) 

Total Effective Hydrometer Sample 
Mass (oven dry), Ms (g) 

Particle density, PS (g/cm ; Correction factor, a1 

Time :Elapsed 
time 
t 

Hyrmeet eo or ep 
Hydrometer'ZFo corr Temp 
reading reading 1(*C) 

R R 

Ajutd: K2 
Adjusted K 
reading factor 

R I K 

.3 

Effective 
depth 

L 

4 
Particle 
diameter 

D 

Percent' 
!smaller 

P 
!(min) (gU/) (g!Q) (gl2 ) (cm) (mm) 

1From Eq. 3-4 

2 From3Table 3-2 PDD = = ' '00100L/-EL X 

5 33From Table 3- 3 H 

S 
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Soil-Water Engineering Laboratory
 
Exercise 3
 

Particle-Size Analysis
 
Sieve Analysis Data Sheet
 

Name
 

Date
 

Sample Description
 

Sample mass + tare (g) 

tare (g)
 

Sample mass (air dry) (g)
 

Sample mass (oven dry) (g)
 

Sample mass retained on #200 sieve (oven dry) + tare (g) 

tare (g) 

Sample mass retained on #200 sieve (g) 

Sample passing #200 sieve (g) 

Percent passing the #10 sieve (%) 

Total Effective Sample Mass (g)
 

Sieve Hole Mass Mass Total Pe 
1 size retained passed Mass Passed pas 

(Mm) (g) (g) (g) 

*Sum of wet and dry sieving.
 



Name_ 

Date 

Sample Description 

90 

80 

70 

60 
iZ 5O 

'i50 
C 

~40 

30 

20 

141 

0 
0.001 0.005 0.01 0.05 0.1 0.5 1 5 10 

Particle Size (D) (mm) 
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EXERCISE 4
 

SOIL WATER HOLDING CAPACITY
 

4.1 IVIAODUCTION 

Soil, due to the geometry of its pore spaces between the soil
 

particles, has the capacity to hold water. This very important trait
 

allows soil to retain precipitation or irrigation water in the root zone
 

to be used by plants over time. The amount of water held in a soil
 

depends upon the soil's porosity and pore-size distribution, and varies
 

with the capillary pressure of the water in the soil. Consequently, a
 

fine-textured soil will hold a different amount of water at a given
 

capillary pressure than a coarse-textured one, and any soil will hold
 

different amounts of water at different capillary pressures.
 

The relationship between the amount of water held in a soil and the
 

capillary pressure of the water is depicted by a moisture release or
 

.desorption curve. Figure 4-1 shows a typical moisture release curve for
 

a loamy soil. Two regions of the curve are of special interest to agri­

culturalists--the field capacity or residual saturation and the per­

manent wilting point. The field capacity represents the water content 

at which the moisture level in the soil begins to remain relatively 

constant as the capillary pressure continues to increase. It is often 

defined as the water content at one-third bar pressure since many soils 

reach this plateau at about 33 kPa (1/3 bar). In the field, field 

capacity is defined as the water which remains in the soil after the 

soil has drained to a deep water table. 

Permanent wilting point is the moisture content at which plants
 

will permanently wilt. It will vary with both plant and atmospheric
 

of the
conditions, but, being primarily dependent on the energy status 
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MOISTURE CONTENT, 6 

Figure 4-1. Moisture release curve for a loamy soil.
 

soil water, is usually defined as the soil water content at a capillary
 

pressure of 1,500 kPa (15 bars).
 

A soil's water holding capacity for plant use, termed the total
 

available water, TAW, is defined as the difference between the amount of
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water held in the plant's root zone when the soil is at field capacity, 

FC, and permanent wilting point, PWP:
 

TAW = (FC - PwP) pb Y, (4-1) 

where FC and PWP are on a dry mass basis, Pb is the soil bulk density 

(g/cm3 ) which converts from gravimetric to volumetric water contents,
 

and Y is the depth of the root zone.
 

The soil water content vs. capillary pressure relationship for a
 

soil is measured in the laboratory by creating a differential pressure
 

between the soil water and the surrounding air while allowing water to
 

move out of the soil sample. After flow has stopped, the moisture
 

content of the sample is determined gravimetrically. By repeating this
 

procedure at several pressures, a moisture release curve can be
 

constructed. A porous ceramic plate is used to maintain the required
 

pressure differential while permitting the flow of water out of the
 

sample. The bubbling pressure or air entry pressure of the ceramic must
 

be high enough to prevent desaturation of the previously saturated plate
 

at the desired capillary pressures. Consequently, the pore sizes in the
 

ceramic must be small, resulting in low permeability, relatively slow
 

water movement, and fairly long time periods to reach equilibrium.
 

The pressure differential can be created either by reducing the
 

pressure on the water in the ceramic plate (which is transmitted to the
 

water in the soil in contact with the plate), or by increasing the
 

pressure above atmospheric in the atmosphere around the soil. The soil
 

only "feels" the differential. Because pressure in a moist environment
 

can be reduced only to the vapor pressure of water (or equivalently
 

negative gage pressures or suctions can be created only as high as
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atmospheric pressure minus the vapor pressure) positive gage pressures
 

which effectively drive the water out of the soil, are used.
 

A pressure plate extractor, shown in Figures 4-2 and 4-4, is a
 

device specially designed for determining water content: capillary
 

pressure relationships. The extractor is composed of a container or
 

cell capable of containing high pressures fitted with a removable
 

ceramic plate. The soil samples are placed on top of the saturated
 

ceramic plate as shown in Figure 4-3. The underside of the plate, which
 

is often encased in a flexible envelope, is connected via a tube, to the
 

outside of the cell. 
 Thus, the top side of the plate is at the pressure
 

applied to the cell while the underside is at atmospheric pressure.
 

Water extracted from the 
sample also passes out of the cell through the
 

tube.
 

Field capacity of a soil can also be determined in the field by
 

saturating a soil and allowing it to drain while inhibiting evaporation
 

or transpiration from the surface. 
 Moisture samples collected from the
 

draining soil will indicate an initial 
rapid water content decrease
 

followed in usually 1/2 (coarse soils) to 
3 (fine soils) days by a
 

reduced rate of decrease as indicated in Figure 4-5. The soil water
 

content at the time when the rate decreases would be field capacity.
 

An alternative, physiologically more precise, means of determining
 

the permanent wilting point of a soil utilizes an indicator plant, such
 

as a healthy sunflower, grown in a container of the soil. The soil is
 

allowed to dry until 
the plant wilts and, even in a humid environment,
 

does not revive. 
 This procedure is described in more datail in Black
 

et al. (1965).
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Figure 4-2. Pressure plate extractor.
 

Figure 4-3. Soil samples in place on the ceramic plate
 
in a pressure cell.
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Figure 4-4. Schematic of a pressure plate extractor.
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C­

z 
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0.1 .
-j 

0 1 
0 I 2 3 4 

TIME AFTER SATURATION, days 

Figure 4-5. 	 Moisture content vs. time after saturation for a
 
field soil draining to a deep water table.
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4.2 	EQUIPMENT
 

1. 	 Pressure plate extractor
 

2. 	 Regulated air pressure source to 1,500 kPa
 

3. 	 100 kPa (1 bar) and 1,500 kPa (15 bar) ceramic plates
 

4. 	 Soil sample retainer rings
 

5. 	 Syringe or pipette
 

Also: 	 oven, dessicator, balance, soil cans, mortar
 
and pestle, #6 sieve, spatula
 

4.3 	PROCEDURE
 

1. 	 Place the soil samples in the retainer rings. Disturbed
 
samples should be ground with a mortar and pestle and passed
 
through a #6 sieve.
 

2. 	 Place the samples on the previously saturated ceramic plate
 
and place the plate in shallow water so that the samples are
 
partially submerged. Allow the samples to saturate by imbibi­
tion for several hours. Sample saturation can be done in the
 
cell.
 

3. 	 Place the plate and samples in the pressure cell. Remove
 
excess water from the plate with a syringe or pipette. Attach
 
the nipple on the plate to the nipple on the cell wall with a
 
piece of stiff (so that it doesn't collapse under high
 
pressures) tubing.
 

4. 	 Close the cell and apply the desired pressure. The pressure
 
must be maintained until equilibrium is reached in the samples
 
and water no longer drips from the cell outlet. The time
 
required to reach equilibrium will vary from several hours for
 
sandy soils at low pressures to several days for fine soils at
 
high pressures.
 

5. 	 Reduce the cell pressure, open the cell, and quickly transfer
 
the samples to moisture-tight soil cans. Weigh the moist
 
samples and oven dry (105*C for 24 hours). Cool in a
 
dessicator and weigh the dry samples and determine the sample
 
water content and bulk density.
 

6. 	 Repeat the above procedures at sufficient different pressures
 
between 10 and 1,500 kPa to sketch a moisture retention curve.
 
Use the 100 kPa (1 bar) plate for pressures up to 100 kPa and
 
the 1,500 kPa (15 bar) plate for higher pressures.
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4.4 ANALYSIS AND DISCUSSION
 

Indicate the field capacity and permanent wilting point on each
 

moisture retention curve. What is the total available water per meter
 

of root zone for each soil tested. How does each parameter vary with
 

soil type? How will the moisture retention curve of undisturbed soil
 

samples compare to that of pulverized samples? Does the 33 kPa moisture
 

content appear to be a good estimate of field capacity for the measured
 

soils?
 

If the average capillary pressure of the soil from which each
 

sample was taken was measured in the field with a tensiometer to be
 

65 kPa, how much available moisture remains in a 1.2 m root zone and
 

what depth of irrigation should be applied to refill the soil moisture
 

reservoir?
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Soil-Water Engineering Laboratory 
Exercise 4 

Water Content vs..'Capillary Pressure Data Sheet 

Sample Volumes Name 
Sanj)Ile Ring Sample Date 

Nmber Dimensions Volume Soil Sample Description #1 

Soil Sample Description #I2 

Soil Sample Description #3Soil Sample Description 114 
Soil Sample Description #4_ 

'ressure Sample Ping Can Wet Mass Dry Mass Tare Mass Mass of Dry Sample Bulk Water Water 
(kl'a) Number No. No. + tare + tare (g) water Mass Volume Density Content Content 

(g) (g) Mw (g) Ms(g) Vb(cm3 ) (g/cm3) W(g/g) O(cm3 /cm3 ) 

qJ 
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EXERCISE 5
 

SOIT,-WATER CONTENT
 

5.1 INTRODUCTION
 

A critical environmental factor to plant growth is maintenance of
 

adequate moisture in th- root zone. The water is needed not only as a
 

transport medium in which nutrients are absorbed and moved through the
 

plant, and wastes are expelled, but more critically on a short-term
 

basis, as a coolant. Transpiration of water by the plant is required to
 

maintain non-lethal temperatures. A lack of water, for even a short
 

time, can cause death; a shortage of water will cause yield reduction.
 

Since plants absorb nearly all of their water through their roots,
 

maintenance of adequate soil moisture in the root zone is essential.
 

The water content of a soil can be represented on a dry soil mass
 

basis, a bulk volume basis, or a pore volume basis. On a dry mass
 

basis:
 

M 
w (5-1)
 
s 

where: 

W = the soil water content (g/g), 

M = the mass of water in a soil sample (g), and 

M = the mass of oven-dry soil in tne sample (g). 

On a bulk volume basis:
 

V M M
 w _ w (5-2) 
Vb Pw b Vb
 

where:
 

(cm3/cm3),
e = the volumetric moisture content 
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Vw = the volume of water in a soil sample (cm3), which is
 
essentially equal to the mass of water in the cgs system since
 

the density of water, pW, is nearly 1.0 g/cm3 , and
 

Vb = the bulk volume (see Exercise 1) of the sample (cm3).
 

On a pore volume basis:
 

V M M M
 
w
S 	 W _ W _W __ (5-3)V 	 PwV V ;Vb
 p 	 w p p
 

where:
 

S = saturation (cm
3/cm3),
 

V = the pore volume (cm3), and
p 

0 = the sample porosity (cm3/cm3)(see Exercise 2). 

Each of these dimensionless quantities is often converted to a percent 

by multiplying by 100. The basic measurement is often made on a dry 

mass basis. Conversion to the other two forms can be made using the 

sample specific gravity, yb (or'bulk density, Pb (g/cm3)), and porosity, 

(cm3/cm3): 

e = 	M - = b ~ and (5-4)Pw bF 	T -FPw FMs = YW PbW, n 

M 	 Mw = YbW bW (5-5)
 

since specific gravity is numerically nearly equal to density in the cgs
 

system.
 

Several direct and indirect methods are available for measuring 

soil-water content. Direct methods are those in which the water in the 

soil is removed from the soil by evaporation, distillation or chemical 

reaction. Determination of the amount removed may be by:
 

1. 	 Measurement of the weight loss of the soil sample by evapor­

ation (gravimetric).
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2. 	 Collection of water by distillation. The soil sample is mixed
 

with mineral oil (of a higher boiling point than water) and
 

heated. The water is driven off by heating and collected by
 

distillation to give the original water content in the soil
 

sample.
 

3. 	 Extraction of water with substances which will replace it in
 

the sample and measurement of some physical or chemical
 

property of the extracting material which is quantitatively
 

affected by water content (i.e., the "Speedy Moisture Tester"
 

sold by Soiltest, Inc.)
 

Two indirect methods are those of neutron thermalization and gamma
 

ray absorption. In the neutron thermalization or scattering method a
 

radioactive source is placed in the soil and the emitted neutrons are
 

thermalized (slowed down) by water held in the soil. The density of
 

slow neutrons is then measured. In the gamma ray absorption method, the
 

degree to which a beam of monoenergetic gamma rays is attenuated
 

(reduced in intensity) in passing through a soil is measured. If the
 

density of the soil is constant, then changes in the attenuation repre­

sent changes in water content.
 

In this exercise, soil-water content will be measured gravimetri­

cally and by the neutron thermalization method.
 

Gravimetric Method
 

Water content determination by the gravimetric method involves
 

collecting and weighing a moist sample, removing the water by oven dry­

ing, and weighing the dry sample. Water content is determined by
 

Equation 5-1 which can be expanded as follows:
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M us t s t

W M-Y = M -" 

SS-- t (5-6) 

where:
 

Mwst = mass of wet sample plus tare (container),
 

Mst = mass of dry sample plus tare, and
 

Mt = tare mass.
 

Two factors are important in this simple process. First, the sample
 

must not be allowed to lose water between collection and weigh.ng. This
 

implies use of an air tight sample collection can (taped closed if
 

storage time will be more than a few hours) hnd weighing as soon as
 

possible after collection. Plastic bags, which are somewhat permeable
 

to air, should be used only if storage time will be short and high
 

accuracy is not critical.
 

Second, a "standard" dryness must be reache.d. Some water (called
 

hygroscopic or molecular) is held by soil even after drying at above
 

1'00 0 C for several days. However, high temperatures will oxidize the
 

organic matter. Consequently, drying at 105*C until a constant mass is
 

attained (usually less than 24 hrs) is the commonly accepted definition
 

of oven dry and the standard used for moisture measurements. The
 

moisture still held in a soil after that treatment is very small.
 

After the sample is dried, it should be cooled before reweighing
 

because the sample heat will create convection currents which will
 

affect sensitive balances. However, cooling in a moist atmosphere will
 

allow the hot soil to absorb moisture. Thus, the dried sample should be
 

cooled in the dry atmosphere of a desiccator and/or with the sample
 

container lid on.
 

http:weigh.ng
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Soil samples for gravimetric moisture determinations can be 

collected with a shovel or spade (surface samples), soil augers, or 

manually inserted, hammer driven, or hydraulically inserted soil 

sampling tubes. Figure 5-1 shows a King tube sampler being driven into 

the soil. 

S." 

, ,, 

Figure 5-1. King tube being driven Figure 5-2. Neutron probe resting 
into the soil to col- on an access tube and 
lect subsurface connected to a scaler. 
moisture samples. 

Neutron Thermalization
 

The atomic age has provided a modern, practical method of
 

determining soil-water content through measuring the degree to which
 

high energy neutrons are slowed down in the soil. When high energy
 

neutrons are emitted from a source of radiation material, they collide 
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with atomic nuclei that are nearby. If the nuclei with which they
 

collide are of a heavier mass, they will bounce off retaining practi­

cally all their original velocity. If, however, the nuclei with which
 

the neutrons collide are of approximately the same mass as the neutrons,
 

they will be slowed down. Such neutrons are said to be thermalized and
 

they can be detected as described below.
 

In soils there are few elements that are effective in thermalizing
 

neutrons. The atomic nucleus most effective in slowing neutrons is that
 

of hydrogen, which has the same mass as a neutron. 
Lithium, beryllium,
 

boron and carbon may also thermalize neutrons but they are less
 

effective as their nuclei are more massive. In soil these latter
 

elements usually occur in small to insignificant amounts, but hydrogen
 

occurs in large amounts as a component of water.
 

A probe containing a source of high energy neutrons and a counter
 

for detecting the thermalized neutrons is lowered into an aluminum or
 

steel tube that has been placed in the soil. Because hydrogen is
 

chiefly responsible for thermalizing the neutrons, the rate at which
 

thermal neutrons are detected is proportional to the number of hydrogen
 

nuclei present in the vicinity of the source and detector, provided that
 

the rate of emission of fast neutrons and the geometry of the area
 

through which the neutrons are scattered are constant.
 

The volume of soil measured by neutron thermalization will vary
 

with the moisture content. The radius of primary influence in a moist
 

soil is only about 8 cm, but will extend to 30 cm in dry soils. Because
 

of this sphere of influence, measurements should not be made closer than
 

18 cm to the soil surface.
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The density of slow neutrons relative to the rate of high energy
 

neutrons emitted will be roughly proportional to the density of hydrogen
 

atoms in the soil, or the volumetric moisture content, e. However, the
 

proportionality constant between thermalized neutron detection and
 

moisture content will vary from probe to probe and with different access
 

tubes. A calibration curve is often supplied with a probe which can be
 

used if the recommended access tube is used. However, calibration of
 

the probe and tube is preferable. Calibration with one soil can be
 

assumed to hold for all soil types unless the presence of a substance
 

which will affect the thermalization process is suspected. Figure 5-3
 

shows a neutron probe calibration curve.
 

Figures 5-2 and 5-4 show the equipment used in the neutron
 

thermalization method. The probe contains a source of fast neutrons, a
 

detector tube, and a preamplifier. The source is composed of materials
 

such as radium-beryllium (2 to 5 mc) or Americium-beryllium (100 mc).
 

Both materials have long half lives (1,600 and 460 years, respectively).
 

The detector tube is commonly a glass container filled with boron­

trifluoride plus other inert gases. When a thermal neutron passes
 

through the gases, it causes a momentary ionization resulting in brief
 

pulse of current flow. The transistorized preamplifier boosts the pulse
 

signal and sends it to the scaler.
 

The probe is stored in a shield to contain the constantly emitted
 

high energy neutrons and gamma rays when the probe is not in use. The
 

shield commonly consists of lead and paraffin or polyethylene, and is
 

constructed with a latch such that the contained probe can be released
 

only when set on an access tube of the proper diameter. The shield also
 

acts as a standard absorber and can be used to obtain a standard count.
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Figure 5-3. Neutron probe calibration curve.
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Figure 5-4. Neutron thermalization equipment including probe,
 
shield and scaler.
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The counting device can be a scaler, where each pulse from the 

detector is counted and accumulated for a set period of time; or a rate 

meter, which indicates the time rate of pulses or thermalized neutron
 

counts. The probe is connected to the counting device with a cable
 

which is usually marked so that the depth of the probe can be easily 

determined. 

Aluminum or steel access tubing is most commonly used. There are 

two sizes of access tubing--l.7 mm (20-gauge) wall thickness tubing with 

an outside diameter of 4.12 cm (1.62 in.), and 1.3 mm (0.05 in.) wall 

aluminum tubing with an outside diameter of 5.08 cm (2 in.).
 

Even though the radiation given off by a neutron probe is small, 

attention should be paid to safety measures to minimize any potential
 

health hazard. Important precautions include:
 

1. 	 Keep the probe in its shield at all times except when it is
 

lowered into the access tube (in the soil) for measurements.
 

2. 	 Reduce exposure to the small radiation escaping the shield by
 

keeping at least two meters away except when changing the
 

position of the probe, and by keeping the open end of the
 

probe and shield pointed away from personnel.
 

3. 	 Do not eat or drink while using a neutron probe, and wash well
 

after use (in case of leakage).
 

4. 	 Transport the probe in the back of a truck or in a car trunk. 

5. 	 When the probe is not in use, lock it in a storage cabinet. 

Label the cabinet plainly to indicate the presence of radio­

active materials.
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5.2 EQUIPMENT
 

Gravimetric Method
 

1. 	Auger, soil sampling tube, or other suitable device fo:
 
collecting soil samples at the appropriate depth
 

Also: 	 soil cans with tight-fitting lids, oven regulated tc
 
105*C, desiccator with active desiccant, balance
 
(±0.1 g)
 

Neutron Thermalization Method
 

2. 	Neutron probe with shield and cable
 

3. 	Scaler or rate meter (inmodern devices, the scaler and shield
 
are contained in one unit)
 

4. 	Access tubes (see previous section for specifications) with
 
caps
 

5. 	Auger to install access tubes
 

5.3 PROCEDURE
 

Gravimetric Method
 

1. 	Collect soil samples from the desired depth.
 

2. 	Place the sample of approximately 100 g of soil in containers
 
with tight-fitting lids.
 

3. 	Weigh the samples immediately or store them in such a way that
 
evaporation is negligible until the mass is determined.
 

4. 	Place the samples in a drying oven with the lids off, and dry
 
them to constant mass at approximately 105*C for 24 hours.
 

5. 	Remove the samples from the oven, replace the covers, and
 

place them in a desiccator containing active desiccant.
 

6. 	Weigh the samples when cool.
 

7. 	Empty the cans of all soil and reweigh to obtain the tare
 
mass.
 

8. 	Determine the gravimetric moisture conten, with Equation 5-6.
 
If the soil bulk density is known, calculate the volumetric
 
moisture content. If the soil porosity is known, also calcu­
late the saturation percentage.
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Neutron Thermalization Method
 

Steps 1 through 3 describe the installation of access tubes. Once
 
installed, the tubes can be used repeatedly, and even for several
 
seasons if they do not interfere with tillage operations.
 

1. 	 Drill the access hole vertically with a diameter slightly
 
smaller than the access tube in order to avoid air pockets
 
around it.
 

2. 	 Close the access tube at the bottom with a rubber stopper or
 
with 	a metal or plastic plug to prevent water from entering,
 
and 	insert the tube into the access hole. Leave several
 
centimeters of the tubing above the soil surface and close it
 
with a rubber stopper or with a metal or plastic cover to
 
prevent entrance of trash and water.
 

3. 	 If the tube is not clearly visible, mark with a stake, ensur­
ing that the stake does not interfere with the measurement
 
process.
 

4. 	 Place the shielded probe next to or on the access tube and
 
connect the cable to the scaler (or rate meter) located at
 
least 2 meters from the tube. Turn the scaler on to standby
 
power and allow it to warm up for at least 30 min (transistor­
ized units need no warm up) before taking the first reading.
 
Also, return the scaler to standby power between readings.
 

5. 	 Turn the scaler from standby to on and take a count reading of
 
one minute duration (or rate meter reading) with the probe in
 
the storage shield.
 

6. 	 Lower the probe into the access tube and take a scaler count
 
of one minute duration (or rate meter reading) at successive
 
depth intervals, starting at least 30 cm from the soil sur­
face. Fifteen centimeter intervals are ordinarily used.
 
These are called depth counts.
 

7. 	After completing the readings at different depths return the
 
probe to the storage shield and take a final scaler or rate
 
meter reading. The average of this count and the count taken
 
in Step 5 is called the standard count, Nstd'
 

8. 	 Divide depth counts, N, by the standard count Nstd, to obtain
 

count ratios. If a calibration curve for the instrument and
 
tube is available, calculate the soil-water content on a
 
volume percentage basis.
 

9. 	 If a calibration curve is not available, collect gravimetric
 
soil moisture samples from several depths from at least 2
 
holes about 30 cm from each access tube. Also, collect
 
volumetric soil samples for each depth from the immediate area 
and determine the soil bulk density. (Soil moisture samples 
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can be used to determine bulk density if carefully collected). 
Calculate the volumetric water content for each access tube 
and each depth, and plot e versus the neutron probe count 
ratio, N/Nstd, as is shown in Figure 5-3. 

5.4 	ANALYSIS AND DISCUSSION
 

Compare the gravimetric and neutron probe soil moisture measure­

ments of the different lab groups. Which is more reproducible? hich
 

is more dependable? Under what conditions would each method be
 

preferable?
 

Plot the moisture content with depth. What might have caused the
 

water content variability with depth? If the total available water,
 

TAW, and field capacity, PC, for the soil profile is known, what is the
 

percent depletion, f, and soil-water deficit, SWD? (S1D = (1C -W)bY;
 

f (SWD/TAW) x 100) If not known, assume FC = 0.20, PWP 0.10,
 

Pb 	 1.3gm/cm3 , and Y = 120 cm). 
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Soil-Water Ergineering Laboratory
 

Exercise 5
 
Soil-Water Content Data Collection Sheet
 

Name
 

Date
 

Location
 

Neutron Thermalization Gravimetric
 

Probe Description Depth Soil Bulk Density Soil Porosity
 

(cm) Pb (g/cm3 0 (cm3/cm3)

Access Tube Description 


IniLial Standard Count 

Final Standard Count 

Average Standard Count, Nstd 

Depth Count Count Ratio Soil-Water Depth Can Wet Mass Dry Mass Tare Moisture Content 
(cm) N N/Nsd Content (cm) No. tare + tare Mass W 0 S 

0 (g) (g) (g) 
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EXERCISE 6
 

SOIL-WATER CAPILLARY PRESSURE
 

6.1 INTRODUCTION
 

The capillary pressure of water in soil indicates the energy status
 

of the soil water, or the force which must be exerted to extract water
 

from the soil. It is thus the best indicator of the availability of the
 

soil water to plants. Due to the measurable relationship between
 

capillary pressure and moisture content, discussed in E:ercise 4,
 

capillary pressure can be related to moisture content for a given soil,
 

allowing determination of moisture deficiencies and irrigation require­

ments.
 

Two techniques are used to measure soil-water capillary pressure in
 

the field. Tensiometers can directly sense through a saturated porous
 

material, soil-water pressures.. The main drawback of tensiometers is
 

their limited range. The second technique involves placing a stable
 

porous object with a constant moisture content vs. capillary pressure
 

relationship in the soil and monitoring, usually remotely, some property
 

which is related to its moisture content. Resistance measurements of
 

buried gypsum blocks is the most common method used, although heat
 

conductance is also used as are materials other than gypsum. The main
 

drawback with this technic ie is the difficulty of manufacturing sensors
 

with a consistent relationship between capillary pressure and the
 

measured parameter and the resulting need for calibration.
 

Tensiometers
 

Figure 6-1 shows a typical tensiometer, consisting of a porous
 

ceramic cup, an air-tight connecting tube leading to a pressure-sensing
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Filler Cap
 
Vacuum
 
Gouge 

Connection Tube 

Mercury 
Manometer 

Porous Ceramic Cup 

Figure 6-1. 	 Tensiometers with vacuum gauge and
 
mercury manometer.
 

device and a covered opening for refilling the tube. Some commercially
 

available tensiometers also have a fluid storage area near the top. The
 

ceramic cup must be buried underneath the soil surface in contact with
 

the soil to be measured. The water-filled connecting tube then leads to
 

the soil surface to allow easy reading of the gauge and access for
 

refilling.
 

The porous ceramic tip, when saturated, will allow water to move
 

through it without desaturating and allowing air to pass through, as
 

long as the bubbling or air entry pressure of the ceramic is not
 

exceeded. The principle is the same as with the ceramic plates used in
 

the pressure plate apparatus in Exercise 4. Thus, when the cup is in
 

contact with a soil, water will move through the tip until the pressure
 

on both sides of the ceramic are equal, or until the water inside the 

tensiometer 	is in hydraulic equilibrium with the soil water. As the
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soil dries, water moves out of the tensiometer until its internal
 

pressure is again equal to the increasing soil-water capillary pressure.
 

If the tensiometer fluid were incompressible and the walls were
 

totally rigid, no flow would have to take place through the ceramic for
 

hydraulic equilibrium to be maintained. However, due to dissolved air
 

in the fluid, slight flexibility of the tensiometer walls, and
 

especially the volumetric change required to activate a pressure sensing
 

device, a small amount of fluid movement through the cup does occur.
 

Tensiometer fluids, materials, and gauges which minimize this required
 

volumetric change are preferred because they reduce the lag time between
 

an actual soil-water pressure change and tte pressure change indicated
 

by the tensiometer. The lag is caused by the low permeability of the
 

ceramic cup and the time required for the outflow from the cup to be
 

absorbed and redistributed through the soil (due to the low hydraulic
 

conductivity of the partially saturated soil).
 

The fluid in the connecting tube transfers the pressure at the tip
 

to the vacuum sensing device. Vacuum gauges are the most common vacuum
 

sensing devices for most field applications. Vacuum gauges with elec­

tronic switches are available for remote monitoring and to act as con­

trollers for automated irrigation systems. When increased sensitivity
 

is required, mercury manometers can be used to sense the capillary
 

pressure. One difficulty with manometers is the volume of water
 

required to indicate pressure changes. Pressure transducers can be used
 

when remote sensing of the pressure or minimal volumetric change is
 

required. Figure 6.2 shows tensiometers with vacuum gauges installed in
 

the field.
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Figure 6-2. 	 Two tensiometers
 
installed to two
 
different depths
 
being read.
 

Most tensiometer gauge scales read centibars, which are equal to
 

kilopascals (kPa). Some commercial gauges are scaled in terms of soil
 

moisture. These gauges should 
be used with caution since different
 

soils hold widely varying amounts of moisture at the same capillary
 

pressure.
 

Because of the column of water which connects the vacuum gauge to
 

the ceramic cup, the vacuum or negative pressure at the gauge will be
 

higher than the vacuum at the cup by the head difference between the two
 

ends. For example, since a 10 cm column of water exerts about 1 kPa of
 

pressure, the gauge on a 60 cm tensiometer will overestimate actual
 

capillary pressure by 6 kPa. The effective zero of the gauge or
 

manometer can be determined by partially submerging the ceramic cup 
in
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water, holding the tensiometer vertical, and taking a reading. The
 

accuracy of most gauges will not merit zero adjustments unless long
 

tubes are used.
 

The minimum pressure which can be created in a saturated environ­

ment is the vapor pressure of water at that temperature. Thus, the
 

highest vacuum which can theoretically be created in a tensiometer is
 

atmospheric pressure at that altitude minus the vapor pressure. Conse­

quently, the range of tensiometers is limited and will decrease with
 

increasing altitude and temperature. Atmospheric pressure varies from
 

about 100 kPa at sea level to 85 kPa at 1,500 m. Water vapor pressure
 

varies from about 1 kPa at 10°C to 6 kPa at 40°C. Thus, the theoretical
 

limit of a tensiometer measurement at Fort Collins on a summer day would
 

be about 80 kPa. The actual upper limit is only about 80 percent of the
 

theoretical limit due to the dissolved air in the fluid.
 

In light of the fact that the wilting point of soils is often
 

estimated by the moisture content at a capillary pressure of 1,500 kPa,
 

the limited range of tensiometers seems to be a serious constraint.
 

However, other than clayey soils will have exceeded a 50 percent
 

depletion of the total available water at a capillary pressure of
 

75 kPa, and sandy soils will often reach 75 percent soil-water
 

depletion, SWD, at 50 kPa (see Exercise 4). Thus, for coarser-textured
 

soils or when high moisture levels (low SWDs) are to be maintained,
 

tensiometers can provide an adequate measure of soil moisture levels.
 

Tensiometers are commercially available from such firms as:
 

Irrometer Company, P. 0. Box 2424, Riverside, California 92516;
 

Soilmoisture Equipment Corp., P. 0. Box 30025, Santa Barbara, California
 

93105; Perma Rain Irrigation Inc., P. 0. Box 880, Lindsay, California
 

93247; and Soiltest, Inc., 2205 Lee Street, Evanston, Illinois 60202.
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Electrical Resistance Blocks
 

A block of porous material, when buried in the soil, will come to 

hydraulic equilibrium with the soil, or equivalently, the capillary 

pressure in the material will be equal to the capillary pressure of the 

surrounding soil. This is accomplished by a flow of water into or out 

of the block toward the higher capillary pressure. Consequently, if the 

moisture content vs. capillary pressure relationship for the porous 

material is known, the capillary pressure of the soil can be determined
 

by measuring the moisture content of the material.
 

The resistance to a flow of electricity of a porous material is
 

affected by its moisture content, since water has a high conductin:e.
 

If electrodes are embedded in the block, the resistance of the porous
 

material can be used as an indicator of its moisture content and thus oi
 

the capillary pressure of the soil.
 

rigure 6-3 shows one type of electrode arrangement in an electrical
 

resistance block. Other types of electrode arrangements include concen­

tric cylinders of wire mesh, parallel wire mesh plates, and simply two
 

parallel wires.
 

To Resistivity
 
Meter
 

Electrodes 
Gypsum 
Block
 

Figure 6-3. One e]ectrical resistance block electrode arrangement.
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Blocks are made of several porous materials such as nylon,
 

fiberglass, and plaster, but the most common is gypsum. Because of
 

this, resistance blocks are often referred to as gypsum blocks. Gypsum
 

has the advantage of maintaining a relatively constant ion concentration
 

in the block--that of a saturated solution of calcium sulfate--and thus
 

reducing the sensitivity of the resistance measurement to the salinity
 

level of the soil water. This effect will be further discussed in
 

Exercise 10. Gypsum blocks will operate adequately in soils with
 

saturated extract conductivities, EC25, up to 2,000 pmhos/cm. Gypsum
 

blocks will deteriorate in the soil, especially in sodic soils or where
 

the water table is high. Some blocks may deteriorate in one season,
 

although some stabilized gypsum compounds can also remain intact up to
 

6 years.
 

When a current is induced across the two electrodes, the resistance
 

of the moist block material can be determined. The most accurate
 

measurements are obtained with an alternating current Wheatstone bridge,
 

which does not allow current to flow when the measuiements are taken.
 

However, measurements are often taken with a simple ohmmeter which
 

records current flow when a known voltage (from a battery) is impressed
 

across the electrodes. Commercial meters give arbitrary readings which
 

are not directly correlated to the resistance of the block. Because
 

block resistance must be calibrated to capillary pressure these
 

arbitrary readings ace all that are required. Figure 6-4. shows the
 

resistance of a gypsum block being read with a "Delmhorst" ohmmeter.
 

The measured resistance (or other meter reading) of blocks must be
 

calibrated with known capillary pressures within the block to know the
 

meaning of each reading. The calibration curve shown in Figure 6-5 was
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Figure 6-4. 	Measuring the resistance
 

of a buried gypsum block
 
with a "Delmhorst" meter.
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Figure 6-5. 	 Typical calibration curve for one type of gypsum blocks
 
showing the range of data variability.
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obtained in the the laboratory from blocks embedded in soil which was
 

placed in a pressure plate apparatus. Commercial blocks often come with
 

a calibration curve. These curves should be
always checked in the
 

field.
 

Resistance block readings can be related to the moisture content of
 

a given soil in the field by collecting gravimetric soil moisture
 

samples from near the blocks and 
relating the moisture content of the
 

soil to the readings. For dependable use, resistance blocks should
 

regularly be recalibrated in the field.
 

Electrical resistance blocks and meters 
are available from several
 

commercial firms such as: Delmhorst Instruments Co., 848 Cedar Street,
 

Boonton, New Jersey 07005; Soilmoisture Equip. Corp., P. 0. Box 30025,
 

Santa Barbara, California and Soiltest, Inc.,
93105; 2205 Lee Street,
 

Evanston, Illinois 60202.
 

Scheduling Irrigations
 

A plot of tensiometer or resistance block readings over time, such
 

as 
that shown in Figure 6-6, can be an easy and practical means of moni­

toring soil moisture and scheduling irrigations. If the readings are
 

calibrated, the soil-water deficit can 
also be determined, allowing the
 

application of the proper depth of irrigation. Devices installed at
 

various depths in the root 
zone will monitor moisture distribution in
 

the profile. The devices can also be wired directly to automated
 

irrigation systems allowing the soil moisture status to directly control
 

irrigations.
 



73
 

a. 

9 
x 

(3.6) 

30cm Depth 
60cm Depth 
Irrigation Depth (cm) 

E 

. 

, 

-M 
o" 

-(8.2) 

(4.1) 

(9.6) 

I I I I 

15 20 25 30 5 10 15 20 25 30
 
June July
 

Time (days)
 

Figure 6-6. 	 Plot of soil capillary pressure measurements over time
 
at two depths showing variations with soil drying and
 
irrigation.
 

6.2 	EQUIPMENT
 

1. 	 Tensiometers of varying lengths (15 cm, 30 cm, 45 cm, 60 cm 
and 90 cm) 

2. 	 Soil probe, pipe, or auger of the same diameter as the
 
tensiometers
 

3. 	 Evacuation pump
 

4. 	 A set of at least 4 electrical resistance blocks
 

5. 	 Soil probe or auger slightly larger in diameter than the
 

blocks
 

6. 	 A resistance meter (preferably an alternating current
 
wheatstone bridge)
 

7. 	 Stakes to mark the block locations
 

Also: 	 deaerated, distilled (or deionized) water, soil cans.
 
balance, dessicator, and oven
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6.3 PROCEDURE
 

Tensiometer Installation
 

1. 	 Fill the tensiometers with deaerated, distilled (or deionized)
 
water and set in a container so that the ceramic tips are
 
submerged. Refill the tensiometers periodically. Applying a
 
vacuum to the container will speed the saturation of the
 
ceramic. Use of distilled or deionized water will prevent
 
plugging of the ceramic Dores.
 

2. 	 Prepare a hole to the desired depth using a soil auger or
 
probe of the same outside diameter as the ceramic tip so that,
 
when the cup is inserted in the hole, there will be intimate
 
contact between the cup and the soil surrounding it. Care
 
should be taken so thac the hole remains round and uniform.
 

3. 	 Mix a small quantity of the scil removed from the hole with
 
water to form a thin paste. Pour a small amount of the paste
 
into the hole to ensure that the ceramic tip is in good con­
tact with the soil.
 

4. 	 Push the tensiometer firmly into the bottom of the hole with a
 
twisting downward motion applied to the connecting tube. Do
 
not push on gauge.
 

5. 	 Compress soil around the tensiometer at the soil surface and
 
pile it slightly so that water will not collect around the
 
instrument.
 

6. 	 Fill the tensiometer with deaerated water and apply a vacuum
 
to the top for several seconds to remove any air trapped in
 
the tube or gauge.
 

7. 	 Protect tensiometers to prevent field damage by bracketing the
 
instrument with bright colored stakes or covering it with a
 
box, tile or steel pipe. If occasional freezing temperatures
 
may be encountered in the field, the tensiometers must be
 
covered with a bucket or box to prevent ruining the gauge.
 

8. 	 A vacuum should be applied to the tensiometer occasionally
 
after filling to remove any accumulated air.
 

Tensiometer Reading
 

1. 	 Early morning reading is desirable as a condition near equili­
brium exists. (Water movement in plants and soil at this time
 
has virtually ceased).
 

2. 	 Read the tensiometer at about the same time each day.
 

3. 	 Take readings frequently enough so that the change from one
 
reading to the next is not greater than 10 to 15 kPa on the
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gauge. If irrigation is more often than once a week, take 
daily readings. If irrigation is monthly, twice weekly 
readings are adequate. 

4. 	 If the pressure limit of the tensiometer is reached, the water
 
will be drawn out. When this occurs, refill with deaerated
 
water and apply a vacuum to remove any air bubbles.
 

5. 	 Generally, a reliable tensiometer reading may be made 24 hours
 
after installation.
 

Resistance Block Installation
 

1. 	 Submerge the blocks in water to saturate. Applying a vacuum
 
to the container will speed the saturation process.
 

2. 	 Form a hole with the probe or auger to the proper depth. Make
 
a small amount of paste with the removed soil and pour into
 
the hole. Insert the block into the hole with a soil probe or
 
rod assuring good contact with the soil.
 

3. 	 Bring the leads to the surface running them horizontally for a
 
short distance below the surface to assure against any
 
continuous vertical flow paths. Fill the hole. Hark the
 
location with a stake on which the depth is noted.
 

Resistance Block Reading
 

Use the same schedule as outlined above for making tensiometer
 

readings.
 

Moisture Content Calibration in the Field
 

1. 	 Collect gravimetric soil moisture samples (see Exercise 5)
 
from the vicinity of and at the same depth as the tensiometers
 
or blocks. Two or three samples from various sides of the
 
sensor should be made. Calibration moisture samples should be
 
collected at varying gauge or meter readings so that the full
 
range of the instrument can be calibrated.
 

2. 	 Weigh the moisture samples, oven dry (105*C for 24 hours), and
 
reweigh to determine the moisture content, W.
 

3. 	 Plot the moisture content versus meter or gauge reading.
 

If the moisture content:capillary pressure relationship for the
 
soil is known, tensiometer readings can be directly related to soil
 
moisture without field calibration. Resistance block readings can be
 
calibrated with capillary pressure in the lab with a pressure plate
 
apparatus (see Exercise 4) which can then also be related, like the
 
tensiometer readings, to soil moisture. However, direct in-field
 
calibration is more practical.
 



76
 

6.4 ANALYSIS AND DISCUSSION
 

Which of these two types of measurements should be more accurate?
 

Which should be more dependable? Which would you select and why? What
 

would be the percent depletion of each of the soils tested in Exercise 4
 

at a tensiometer reading of 75 kPa.
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Soil-Water Engineering Laboratory 
Exercise 6 

Tensiomter and Resistance Block Calibration Data Sheet 

Name 

Location and Description 

Soil Moisture Content 

Date 
Tensiometer 

(Block) 
No. 

Tensiometer 
(Block) 
Reading 

Wet Mass 
* tare 
(g) 

Dry Mass 
* tare 
(g) 

Can (tare) 
as$ 
(a) 

Moisture 
Content 

W 
(g/g) 

Bulk Moisture 
Density Content 
p a 

(I/W3) (cm/cm) 
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Soil-Water Engineering Laboratory
 
Exercise 6
 

Tensioseter and Resistance Block Data Record
 

Field and Location Description
 

Location and Depth of Tensioseter (Block) #1
 

#2
 

#3
 

#5
 
.06
 

Tensiometer (Block) Reading and Equivalent Soil Moisture Content, e 

Date Time Reader 1 2 3 4 5 6 

Read- Equiv Read- £quiv Read- Equiv Read- Equiv Read- Equiv Read-LEquUiv 
ing e i 6 ing 0 in0 lng 6 ing 61 

- 1.- _____ - - ______ - - - - -1* 

-- ____ _____ ____ - ______________ - _______ 
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EXERCISE 7
 

HYDRAULIC CONDUCTIVITY
 

7.1 INTRODUCTION
 

Fluies move through porous media such as soils under the influence
 

of a driving force. The rate of movement is generally proportional to
 

the driving force:
 

(7-1)
 

where:
 

q = volume flux or bulk velocity of flow (cm/sec);
 

K = proportionality constant termed the hydraulic conductivity
 
(cm/sec);
 

tAh/&2 = siunmation of driving forces in the direction of flow or
 
hydraulic gradient (cm/cm)
 

Equation 7-1 is called Darcy's -Law. In this exercise, the hydraulic
 

conductivity of saturated soils to water will be determined by two
 

laboratory methods: the constant head and the falling head method.
 

The hydraulic conductivity is a measure of how easily water can
 

move through soils, whether it be flow toward drains or a pumped well,
 

seepage from canals, or infiltration into an irrigated field, and thus
 

is an important quantity for many agricultural applications.
 

A permeameter is an apparatus designed to apply a known driving
 

force or hydraulic gradient to the fluid (usually water) in a soil
 

sample to generate a measurable flow rate of the fluid through the
 

sample. Two types of permeameters will be used in this exercise: a
 

constant head (Fig. 7-1), and a falling head permeameter (Fig. 7-2).
 

Both measure the one dimensional flow of water through a column of soil.
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Figure 7-1. Constant head permeameter. 
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Figure 7-2. Falling head permeameter. 
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Darcy's equation, when rearranged to determine the hydraulic
 

conductivity, is:
 

K=-U
 
Ah (7-1a)
 

Since velocity, q, is equal to flow rate, Q (cm 3/sec), divided by flow 

area, A (cm2): 

K =~-(7-2)k
A h
 

In the constant bead permeameter, AZ is the length of the sample,
 

L (cm), over which the head loss, -Ah, is being measured; A (cm2 ) is the
 

column cross-sectional area; and flow rate is measured as a volume, V
 

(cm3), collected at the outflow over a given elapsed time, t (sec): 

VL (7-3) 

tAAh 

The total head loss in the constant head permeameter would be,
 

according to Figure 7-1, H1-H2. However, because the head loss through
 

.the tube, valves, and permeable barriers might be significant when
 

coarse-grained soil samples are measured, piezometer taps are installed
 

in the sides of the column so that head losses within the sample can be
 

monitored. Using these piezometer readings and the terms shown in
 

Figure 7-1, Equation 7-3 becomes:
 

VL VL2 V(LI+ L2 )
 
tA(hb - h) tA(h - hd) tA(hb - hd)c 


The head loss through the inflow tube and valve is given by (H1 -ha).
 

In the falling head permeameter, the supply reservoir is volu­

metrically calibrated, so that the water level, H, not only indicates
 

the head on the sample (head losses through the apparatus fixtures being
 

ignored), but also the volume passing through it between two
 

measurements. Flow rate, which will vary with the change in depth in
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the reservoir, is equal to the change of volume in the reservoir with
 

dV
time, -' which is equal, assuming a constant reservoir cross­
dh
 

sectional area, a, to - a-. Inserting this relationship into
 

Equation 7-2, gives:
 

dh h
-h = KA£h(7-5) 
-dt L
 

Separating the variables and integrating from an initial head, H0 , to a
 

head, H, which occurs at time, T:
 

-0 
1 ()dh = 0fT n dt,
 

H = KAT
 

H 
K = - £n h (7-6)

AT
 

The laboratory methods described can accurately determine the
 

permeability of the sample tested. The only major experimental problems
 

'involve the boundaries--head losses through the permeable end barriers
 

and edge effects along the column walls.
 

However, applying the results of these tests to field conditions
 

usually cannot be done with such confidence because of the unrepre­

sentativeness of the sample tested. The first problem is to collect an
 

undisturbed sample. Because this is difficult, disturbed samples are
 

often used. Disturbed samples will give an accurate indication of field
 

permeabilities only for unstructured coarse soils (sands and gravels) or
 

when the application is to disturbed soils, such as road fills or
 

earthen dams. Even when undisturbed soil cores are carefully collected.
 

it is still difficult to install them in a permeameter column without
 

allowing flow paths along the column walls.
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Another problem with predicting field subsurface flow with
 

permeameter tests is that the permeability of a soil is usually
 

nonhomogeneous (it varies from place to place), and anisotropic (it
 

varies from one direction to another). These nonuniformities are caused
 

primarily by the alluvial or eolian nature of most unconsolidated
 

deposits. In cultivated fields, plow pans are an example of anisotropy.
 

It is not uncommon for the horizontal permeability of some subsurface
 

deposits to be 1,000 times greater than the vertical permeability.
 

A third problem with lLboratory permeability tests is the possible
 

non-representativeness of the fluid. Hydraulic conductivity is affected
 

by the viscosity and density of the fluid, and these properties of water
 

change with ion concentration and temperature. The effect of tempera­

ture on viscosity, as given in Table 7-1, is the largest and most easily
 

predicted.
 

Table 7-1. Viscosity of pure water at various temperatures.
 

Temperature Absolute Viscosity, r
 
(CC) (centipoise)
 

0 1:79 
5 1.51 
10 1.31 
15 1.1' 
20 1.06 
25 0.89 
30 0.80 
35 0.71 

Hydraulic conductivity is inversely related to viscosity. Thus, K
 

values can be adjusted for temperature by the formula:
 

K K (nt/ns ) (7-7)
 
st t t St 



84
 

where Kst and nst are the conductivity and viscosity at some standard
 

temperature while Kt and nt are these properties at the measurement
 

temperature.
 

Fluid properties can be eliminated from permeability measurements 

by converting the hydraulic conductivity to permeability, sometimes 

called intrinsic permeability, k: 

k = (7-8) 
pg 

where
 

q = fluid viscosity in poises (dyne-sec/cm2),
 

p = density (g/cm3), and 

g = acceleration of gravity (dyne/g). 

Permeability has the dimensions of cm 22 , although square microns, p 

(P2 = 10-8 x cm2 ) is a more common unit due to the small values. 

Because of these difficulties, several field methods of determining
 

in-situ permeabilities and subsurface flow characteristics are used
 

which are less precise but often more representative. These methods
 

include:
 

1. 	 Infiltration tests to measure the rate of water intake at the
 

soil surface,
 

2. 	 the auger hole method, to determine the permeability of
 

shallow saturated strata; and
 

3. 	 well testi- to determine permeabilities of water bearing
 

aquifers.
 

The first two methods are described in the following two exercises.
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7.2 	EQUIPMENT (see Figs. 7-3 and 7-4)
 

1. Constant head reservoir (can be an overflow reservoir as 
shown
 
in Figure 7-1, or a Marriotte syphon (see Exercise 9)
 

2. 	 Falling head graduated reservoir
 

3. 	 Soil 
column with bottom inflow tap, top overflow, and piezo­
mete: taps
 

4. 	 Screens or other permeable barriers
 

5. 	 Piezometer board
 

6. 	 Graduated cylinder
 

7. 	 Column packing device
 

8. 	 Funnel
 

Also: stop watch and meter stick
 

t4P 

II •
 

Figure 7-3. Permeameter showing (left Figure 7-4. 
 Permeameter soil column
 
to right) falling-head showing bottom valved
 
reservoir, soil column, 
 inflow, top overflow,
 
piezometer board, and 
 and piezometer taps.

constant-head reservoir.
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7.3 	PROCEDURE
 

Preparing the Soil Column
 

Disturbed sand will be used in the soil column because the high
 
permeability of sand will speed up and make easier the measurement
 
process and undisturbed samples are difficult to collect and prepare.
 
Sand grains, when poured into the column, will segregate and the packing
 
of the grains will be uneven, causing the flow of water through the
 
column to also be uneven. Consequently, a "packing" device shown in
 
Figure 7-5, is used to allow more uniform and consistent packing of the
 
columns. The screens in the packing device, which should be held only a
 
few centimeters above the surface of the sample, act to remix the freely
 
falling particles. Screens should be used in the column above and below
 
the sample to hold the sample in place while allowing water to pass
 
freely.
 

1. 	 Place a screen on the bottom permeameter column barrier.
 

2. 	 Fill the column to about 4 cm below the overflow outlet using
 
the packing device. Keep the bottom of the packing device no
 
more than 6 cm above the level of the sand in the column.
 

3. 	 Place a screen on top of the sample and clamp the top retain­
ing barrier in place.
 

Funnel 

0
 

F-eScreens
 

Figure 7-5. Permeability column packing device.
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Constant Head Permeameter Measurements
 

1. 	 Attach the hoses from the reservoir and the piezometers to the
 
soil column. Close the column inflow valve.
 

2. 	 Fill the reservoir and regulate the inflow so a small amount
 
of water is overflowing to the drain.
 

3. 	 Partially open the column inflow valve and allow the sample to
 
be slowly wetted. Observe the evenness of the wetting front
 
as it moves up through the sample. Unevenness indicates non­
uniform packing.
 

4. 	 Measure the elevation of the reservoir water level, HI, the
 

column overflow level, H2, and the piezometer scales relative
 

to a datum. Measure the column diameter, d, and sample
 
lengths, L, LI, and L2.
 

5. 	 When the sample is wet, check that the piezometers are all
 
working. Open plugged taps with a fine wire and eliminate air
 
bubbles in the lines.
 

6. 	 When the permeameter column is overflowing steadily, take
 
piezometer readings and collect the overflow in a graduated
 
cylinder for a known period of time. Repeat the measurement.
 

7. Increase the inflow and repeat the procedure several times.
 
Falling Head Permeameter Measurements
 

1. 	 Calibrate the falling head reservoir by collecting known 
volumes of water while observing readings off the calibrated 
scale. Calculate the reservoir cross-sectional area, a (cm ). 

2. 	 Determine the elevation of the zero reservoir reading relative
 
to the column outflow. Measure the sample length, L, and
 
cross-sectional diameter, d.
 

3. 	 If the sample is dry, saturate it as explained in P3 under
 
constant-head measurements.
 

4. 	 Open the column inflow valve completely and record reservoir
 
readings over time as the reservoir level is falling through
 
its whole range. Refill the reservoir and repeat the
 
measurement.
 

Calculations
 

1. Plot hydraulic gradient, -Ah/A, vs. flow rate, q, for
 
the constant-head measurements to determine whether they are
 
proportional at all the measured flow rates. They nre proportion3l if
 
related by a straight line with a zero intercept. The slope of the line
 
is the hydraulic conductivity.
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2. Calculate the hydraulic conductivity using the falling head
 
data with Equation 7-6 for the whole fall and several intermediate
 
readings and compare the values. The hydraulic conductivity should also
 
be determined by fitting a straight line through time and head loss data
 
plotted 

line, m, 

on semi-log paper 
-aL 

is equal to - !, 

(with H on the log scale). The slope of the 

so: 

K - aL (7-9) 

Slope, m, can be found most easily by di.viding the time interval over
 
which H decreases by one log cycle by -2.3 (-ln 10).
 

7.4 ANALYSIS AND DISCUSSION
 

Table 7-2 lists some permeability classes for soils. In what class
 

would the tested sands fall?
 

Table 7-2. 	 Permeability classes of saturated soils for ranges of
 
hydraulic conductivities (from Table 13-1 in Black et al.
 
(1965)).
 

Hydraulic Conductivity to Water
 
Class K (cm/sec)
 

Very slow 	 < 0.002
Slow 	 0.002 - 0.008
 

Moderately slow 0.008 - 0.033
 
Moderate 0.033 - 0.100
 
Moderately rapid 0.100 - 0.210
 
Rapid 0.210 - 0.420
 
Very rapid > 0.420
 

Assuming groundwater is at about 10C and the tap water in the lab
 

is at 15*C, what would be the hydraulic conductivity of the measured
 

soils to groundwater?
 

Convert the measured hydraulic conductivities to intrinsic
 

permeabilities, k, using Eq. 7-8 and Tables 2-1 and 7-1. Assume a water
 

temperature of ]50C.
 

If the measured conductivities varied with flow rate or measurement
 

method, discuss the possible reasons.
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Soil-Water Engineering Laboratory 
. Exercise 7 

Constant Ileod PIermeameter Data Sheet 

Name 

Date 

Soil Sample Description 

Elevation of constant head reservoir above datum, HI (cm) 

Elevation of permeameter column overflow above datum, H2 (cm) 

Elevation of piezometer board reference (0 reading) above datum, h (cm)o2 

Permeameter column diameter, d (cm) ; column area, A (cm2) 

Length of soil sample in column, L (cm) 

Length of soil sample between piezometer taps b and c, .l1 (cm) 

l.ength of soil sample between piezometer taps c arid d, L2 (cm) 

Vollme 
ColI ected 

V 
3 

(cm 

Elapsed 
Time 

t 
(sec) 

Piezometer Readings 
-­h h Ii h 

a b c d 
(cm) (cm) (cm) (cm)( 

Flow Rate 
Q 

(cm3/sec) 
/csb 

Volume Flux 
q 

(Cm/sec) 

Hydraulic Gradient 
-Ah/L 

hb-hd hb-hc hc-hd 
b c Lc2 

L +. .c.. . 

Hydraulic 
Conductivity 

K 
0 

-- n ... . . n . - . .. . . v . . . . . . . . . 

. . . . . .. . .. . . . . . . . . . . . 
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Soil-Water Engineering Laboratory
 
Exercise 7
 

Falling Head Permeameter Data Sheet
 

Name
 

Date
 

Soil Sample Description
 

Elevation of reservoir reference (0 reading) above datum (cm)
 

Elevation of permeameter column outflow above datum (cm)
 

Graduated reservoir reference elevation relative to the column overflow
 

(cm)
 

Graduated reservoir cross-sectional area, a, (cm
2)
 

Permeameter column diameter, d, (cm)
 

Column area, A (cm
22 )
 

Sample length, L (cm)
 

Reservoir 
Reading 

Elapsed 
Time 

Reservoir 
Elevation 

H 
£n-2 

Hydraulic 
Conductivity 

(cm) T H H K 
(sec) .(cm) (cm/sec) 
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EXERCISE 8
 

FIELD MEASUREMENT OF HYDRAULIC CONDUCTIVITY
 
BY THE AUGER-HOLE METHOD
 

8.1 INTRODUCTION
 

Due to the difficulty of collecting and preparing representative
 

soil samples for hydraulic conductivity measurements in laboratory
 

permeameters, a field method is desirable. The auger hole method is a
 

quick and simple field technique with minimal equipment requirements for
 

determining the hydraulic conductivity of porous strata below a water
 

table. The method basically entails pumping or bailing out a hole which
 

extends below the water table and measuring bow quickly the hole
 

refills. Although the flow process is too complicated to allow solution
 

by the type of simple equAtions which are used with one-dimensional
 

steady flow, the process has been studied and modeled and coefficients
 

have been developed which relate the soil hydraulic conductivity, K, to
 

the rate at which the hole fills.
 

The method is limited by the fact that a water table must exist at
 

the level of the soil layer which is to be measured. This sometimes
 

requires waiting until specific times when the water table is high, such
 

as in the spring or part way through an irrigation season. Methods have
 

been developed for measuring K above a water table (Black et al. 1965,
 

Section 15), but they are more difficult and requize more equipment.
 

The primary use of auger hole measurements is to determine hydraulic
 

conductivities for drainage design, in which case high water tables
 

usually exist.
 

Soils consist of layers which have varying hydraulic
 

conductivities. The auger hole measurements tend to be biased toward
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the horizontal conductivity of the more permeable layers. By varying
 

hole depths, relative permeabilities of different layers can be
 

estimated. Vertical conductivities can be better estimat2d by the
 

piezometer method in which the hole is cased and water enters only from
 

the bottom (Black et al. 1965, Section 14).
 

Some advantages of using the auger hole method over laboratory
 

methods include:
 

1. 	The soil is not disturbed (original conditions in the field),
 

2. 	The "sample" is large and takes into account many types of
 
water channels in the soil, and
 

3. 	The fluid used is the soil solution itself and not tap water
 
or distilled water having unknown effects.
 

Figure 8-1 shows the required geometric parameters for auger hole
 

measurements. In the figure, r is the radius of the hole, H is the
 

depth of the hole below the water table, or equivalently the depth of
 

water in the hole before it is pumped, y is the level of the water
 

surface in the hole below the water table after it has been pumped, and
 

S is the distance from the bottom of the hole to an impermeable barrier
 

(such as a clay layer or bedrock). Impermeable layers can be found by
 

augering the hole deeper after the measurement is complete and observing
 

the texture and density of the removed soil. Fortunately, the method is
 

relatively insensitive to impermeable barriers located farther than H
 

below thp bottom of the hole.
 

The relationship between the observed rate of rise of water in the 

auger hole and the hydraulic conductivity is expressed by: 

K - C dv (S-i) 

864 dt' 

where C is the shape factor [C = f(H/r, y/H, S/H)] of the auger hole, dv 

is the change in water height in the auger hole (cm) that occurs in time
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Soil Surfcce 
Water Table Level IY 

Hy 

2r 

S 
I 	 Im~trmeoble Barrier 

*71.11,F-11111//,111////0,I-//// 11/I/ /// /0'/// 771 7 1,71 '7 

Figure 8-I. Required dimensional parameters for auger hole tests.
 

dt (sec), and K is the hydraulic conductivity (cm/sec). The constant
 

864 in a unit conversion factor.
 

The values of C given in Table 8-1 were obtained using auger hole
 

seepage theory (Boast and Kirkham, 1971).
 

Table 8-1. 	 Values of C for Equation 8-1 for auger holes
 
underlain by impermeable material at given
 
depths (Boast and Kirkham, 1971).
 

S/H
 
H/r ylH
 

0 0.05 0.1 0.2 0.5 1 2 5
 

1 1 447 423 404 375 323 286 264 255 254
 
0.75 469 450 434 608 360 324 303 292 291
 
0.5 555 537 522 497 449 411 386 380 379
 

2 1 186 176 167 154 134 123 118 116 115
 
0.75 196 187 180 168 149 138 133 131 131
 

0.5 234 225 218 207 188 175 169 167 167
 

5 1 51.9 48.6 46.2 42.8 38.7 36.9 36.1 35.8
 
0.75 54.8 52.0 49.9 46.8 42.8 41.0 40.2 40.0
 
0.5 66.1 63.4 16.3 58.1 53.9 51.9 51.0 50.7
 

10 1 18.1 16.9 16.1 15.1 14.1 13.6 13.4 13..
 
0.75 19.1 18.1 17.4 16.5 15.5 15.0 14.8 14.8
 
0.5 23.3 22.3 21.5 20.6 19.5 19.0 18.8 18.7 

20 1 5.91 5.53 5.30 5.06 4.81 4.70 4.66 4.64
 
0.75 6.27 5.94 5.73 5.50 5.25 5.15 5.10 5.08 
0.5 7.67 7.34 7.12 6.88 6,60 6.46 6.43 6.41 

50 1 1.25 1.18 1.14 1.11 1.07 1.05 1.04
 
0.75 1.33 1.27 1.23 1.20 1.16 1.14 1.13
 
0.5 1.64 1.57 1.54 1.50 1.46 1.44 1.43
 

100 1 0.35 0.35 0.34 0.34 0.33 0.32 0.32 

C.75 0.38 0.38 0.37 0.36 0.35 0.35 0.35
 
0.5 0.47 0.47 0.46 0.45 0.44 0.44 O.i.. 
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When 	the actual measured parameters are not represented on the table,
 

they 	must be interpolated between given values. Graphical interpolation
 

on log-log paper is most precise.
 

8.2 	EQUIPMENT
 

1. 	Soil auger or a drilling rig, such as t "Giddings" rig.
 

2. 	Permeable material for casing the auger hole to prevent caving
 
such as thin perforated sheet metal pipe, perforated stove­
pipe, drain tile, or thin perforated PVC pipe, plus fine
 
gravel to pack the hole. If the soil is sufficiently cohesive
 
and the hole is to be used only once, casing is not required.
 

3. 	Water elevztion indicator. The indicator device used in this
 
exeicise, shown in Figures 8-2, 8-3, and 8-4, consists of a
 
float lowered into the auger hole and connected to a counter­
weight with a tape. This tape which is suspended across a
 
table is marked at equal time intervals as the water level
 
rises in the auger hole. Electrical resistance well loggers
 
could also be used.
 

4. 	Pump or bailer for quickly removing water from the auger hole.
 

Also: stop watch
 

..8.3 PROcEDURE
 

In the following discussion. tne installation of the auger hole
 
(Steps.] through 4) is done before measuring the hydraulic conductivity.
 
Successive steps (5 through 9) are done several times so that more than
 
one estimate of the hydraulic conductivity can be made.
 

Installation
 

1. 	Dig a vertical hole with a soil auger to the desired depth
 
below the water table (at least 30 cm).
 

2. 	Install the permeable casing in the hole leaving the top end
 
of Lhe casing several centimeters above the soil surface. To
 
install the casing, place a small quantity of gravel on the
 
bottom of the hole and set the perforated open pipe on this
 
gravel. Back-fill around the pipe with gravel to a level
 
above the water table. The original soil can beused to fill
 
the remaining portion of the hole around the pipe to the soil
 
surface. The casing should be capped for protection.
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Tape 

Counter Weight 

Auger Hole 

Float 

Figure 8-2. Water elevation indicator device.
 

3. 	 Pump the hole several times until clean water is obtained to
 
"develop" it.
 

4. 	 Allow the water to seep into and fill the auger hole to the
 
level of the water table. This will require at least a day
 
for heavy, tight soils, but only a few minutes are needed 
for permeable sandy soils.
 

Measurement
 

5. 	 Measure the required geometric parameters (Fig. 8-1) and
 
record on the data collection sheet. It should be noted
 
that 	 the hole diameter (2r) is the diameter of the packed 
bore 	and not the diameter of the casing.
 

6. 	 When the water in the auger hole is at the water table
 
level, lower the float into the auger hole and mark a datum
 
point on the tape.
 

7. 	 Pull che float out of the auger hole.
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'4V
 

Figure 8-3. 	 Water level recorder and Figure 8-4. Water level recorder showing
 
cased well used in the 
 table, tape, and marking pen.
 
auger hole method.
 

8. 	 Pump or bail out the water quickly. Begin counting time when
 
the pump is stopped.
 

9. 	 Quickly lower the float into the auger hole and mark the tape
 
at frequent and equal time intervals as the water level rises
 
in the auger hole.
 

Calculations
 

Note: Sample data is analyzed in Figures 8-5, 8-6, and 8-7.
 

1. Measure the distance from the marked water level at each time 
increment to the water table level on the tape and record on the data
 
collection sheet.
 

2. Plot y vs. t. A a chosen y value (preferably equal to 0.75 
or 0.5 H so that C values can be more easily determined from Table 8-1) 
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determine the slope of the curve, dy An example of this determination
 
is shown in Figure 8-6. dt
 

3. Determine the shape factor, C, from the geometric parameters 
and Table 8-1. If S is not known, estimate C for the extreme cases of 
S = 0 and S = o to determine the range. If one of the parameter ratios 
is not given in the table, interpolate graphically on log-log paper. 
Figure 8-7 demonstrates the determination of interpolated C values. 

4. Insert the C and values into Equation 8-1 to determine the
 
hydraulic conductivity, K. Hydraulic conductivities are sometimes
expressed in m/day which is equivalent to K (cm/sec) x 860.
 

8.4 	ANALYSIS AND DISCUSSION
 

Compare the derived K values calculated at different y values and
 

for the different runs. Determine the 95 percent confidence interval
 

for the mean. What is the effect of the impermeable barrier on the
 

measured hydraulic conductivity? According to the conductivity ranges
 

given in Table 7-2 of Exercise 7, would tue soil be considered highly
 

permeable? What might the soil texture be? If the hydraulic
 

conductivity is used for drainage design, would the temperature effects
 

discussed in Exercise 7 need to be considered?
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Soil-Water Engineering Laboratory
 
Exercise 8
 

Auger Hole Data Sheet
 

Name kAd/ 
Date '/,7 

Location' -,7-'p 

Description of subsoil strata 
(note during augaring of hole) 1 P. ," L,Am, ' S ,, 

f 
/ 

-,W 

; ' 

Geometric Paramters-Too- Woo ve!1 

' 0, Srfae 

r (cM) / 

S (c ) ,'IfrI/"'/ 

S/H t/p/ -4 
k O, eew ol el ove 

Run 
t (sac) 

10 

I 
y (cc) 
/07j 

t 
Run 

(see) 
2 
y (eM) 

T 
t 

Rv'r.3 
(sac) y (c=) 

'zT'. 
t (sac) Y (e") 

-o 

S0 
70 
60 

70 10 

7S"1 

dt 
(c€/sec) 

H 

c 

K (Fe/i 

0/OI ,,,,,= 

e.)gam ae o d 

Figure 8-5. Sample auger hole data.
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Figure 8-6. Graphical determination of dy/dt.
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Figure 8-7. 	 Logarithmic interpolation of C for y/H = 0.5
 
and H/r = 30.
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Auger Hole Data Sheet
 

Name 

Date
 

Location
 

Description of subsoil strata
 

(note during augering of hole)___
 

Soil suf fce 

Wolr Taoble Level 

W T Level" 
Geometric Parameters 


H (cmn) H 

r (cm)- - . 

S (cm) 
1 i-2H/r 

-2r
 

S/H _______ 

Impevmeoble Borrie? 

Run2---------c)Y 3 
(sec) - (c:) 

Run 1__._ Run2 Run --- cm 

t (sec) y (cm) t (sec) y(sec (cm) t 

-' (cm/sec) 
dt 

[W (r-/sec)
 

C 
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EXERCISE 9
 

INFILTRATION
 

9.1 	 INTRODUCTION
 

Infiltration is the entry of water into soil through the soil
 

surface. Nearly all water which enters the soil enters via infiltra­

tion, either from rainfall or from water directed to the soil surface
 

via irrigation. Knowledge of the infiltration characteristics of a soil
 

is basic information required for designing efficient irrigation systems
 

or predicting runoff. The soil infiltration rate will affect advance
 

and recession times, deep percolation and tailwater runoff in furrow and
 

border systems, advance and ponded times in level borders (basins), and
 

maximum allowable application rate for sprinkler or drip irrigation
 

systems.
 

The time rate at which water is absorbed by the soil is the infil­

tration rate, I, which has units of voluae per unit area per unit time,
 

cm3/cm2/min, or equivalently depth per unit time, cm/min. The cumula­

tive infiltration, z, is the total accumulated depth infiltrated in a
 

given time period. Cumulative infiltration is thus the integration of
 

the infiltration rate, and conversely, I is the derivative of z.
 

t 
z(t) = f I dt (9-1) 

0 

I(t) dz 	 (9-2) 

The rate at which water infiltrates into soils usually decreases
 

over time until a relatively steady basic infiltration rate is asymptot­

ically approached. The decrease is caused by the decreasing capillary
 

pressure of the soil as it becomes wet. The constant rate is due to the
 

constant gravity force, the other component of the driving force.
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Figure 9-1 shows typical infiltration rate and cumulative infiltration
 

curves for an agricultural soil.
 

Due to the changing driving forces (hydraulic gradient) and the
 

varying moisture content of the soil, the infiltration rate of a soil
 

cannot be directly related to its hydraulic conductivity. This is why a
 

specialized measurement must be made. The infiltration rate of soil
 

will, however, vary with the saturated hydraulic conductivity of the
 

soil layers. Layers with low conductivities, either at or below the
 

surface, will limit the infiltration rate--especially the basic rate. 

Consequently, surface crusts, silt d,posits, implement tracks, plow
 

layers, or clay layers will have a major effect on infiltration.
 

Pre-existing 	 soil moisture content will affect the initial infil­

tration rate. Drier soils will have higher initial rates, due to their
 

high capillary pressure. Saturated soils initially infiltrate water at
 

near the basic rate.
 

8.0
 

E 
fInfiltration 

N 6.0 Rote, I 
E 0 

ac.4.0' .0 

- 2.0 .Basic Infiltration ­
- E 

-E o 0 Rte, Ib 

0 60 120 180 240 300 360
Elapsed Time, t (min) 

Figure 9-1. 	 Typical infiltration rate and cumulative
 
infiltration curves.
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Infiltration rates within one area or field highly
are 


variable--variations as high as an order of magnitude in one field are
 

not uncommon--due to inhomogeneities in the soil (both textural and
 

structural) and variations in the above-mentioned factors. This
 

variation is both areal and temporal. The infiltration rate of a wheel­

track furrow is usually much less than that of a less compacted furrow.
 

The intake rate during the first irrigation after cultivation is usually
 

higher than during later irrigations. Consequently, times and locations
 

for infiltration measurements must be chosen carefully in order for the
 

results to be representative and meaningful. Some factors to consider
 

include:
 

1. Soil moisture content at time of irrigation
 

2. Soil texture
 

3. Subsurface strata (plow pan, clay layers)
 

4. Surface soil compaction (wheel tracks)
 

5. Surface sealing (sedimentation, erosion, dispersion)
 

6. Soil cracking
 

7. Soil structure (tillage operations)
 

8. Irrigation method (sprinkler vs. surface; border vs. furrow)
 

9. Crops and surface mulches
 

10. Soil and water salt ion concentrations
 

11. Soil and water temperature
 

Due to the variability, several measurements are required to achieve a
 

reliable estimate of the infiltration rate for a field.
 

Several ma'hematical relationships or models have been proposed for
 

infiltration rate and cumulative infiltration, including the empirical
 

Kostiakov-Lewis equation:
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z = Kta ,(9-3)
 

the theoretically based approximation developed by Phillips:
 

St1 /2
z = + At, (9-4)
 

the empirical relationship used by the U.S. Soil Conservation Service:
 

z = Kta + c, (9-5) 

&nd the more general empirical equation (sometimes called the Modified
 

Kostiakov-Lewis):
 

z Kta + Ibt , (9-6)
 

where:
 

K and a = empirically determined coefficients, 

Ib basic infiltration rate,
 

S and A = theoretically determined values, 

c 0.6985 cm, and
 

t = time excess water is available at the surface (intake 

opportunity time).
 

In this exercise, Equation 9-6 will be used.
 

Several methods can be used to determine the infiltration charac­

teristics of a soil under field conditions. Methods frequently used for
 

basin and border irrigation are:
 

1. Cylinder (ring) infiltrometer, and
 

2. Bzsin infiltrometer.
 

The two common methods used for furrow irrigation are:
 

3. Blocked furrow infiltrometer, and
 

4. Inflow-outflow measurements on a segment of a i,.rrow.
 

An additional method applicable to both border and furrow irrigation is:
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5. 	 Volume balance techniques based upon the rate of advance of
 
the water front and estimated or measured values of the volume
 
of water in surface storage.
 

Cylinder and blocked furrow infiltrometers will be used in this exercise
 

due to their ease of use, precision, common usage, and simplicity.
 

Cylinder Infiltrometer
 

The cylinder or ring infiltrometer (Figs. 9-2 and 9-3) is a metal
 

cylinder which is driven into the soil. It measures primarily the
 

vertical rate of water movement into the soil surface (one-dimensional)
 

from 	the pond it encloses. Cylinder infiltrometer infiltration data are
 

obtained by measuring the depth of ponded water inside the cylinder at
 

time 	intervals.
 

After water penetrates the soil to the depth of the bottom of the
 

cylinder, it will begin to spread radially as well as vertically and the
 

infiltration rate will change accordingly. Buffer ponds surrounding the
 

.cylinder are used to minimize this effect. Buffer ponds can be con­

structed by forming an earthen dike around the cylinder or by driving a
 

larger diameter cylinder into the soil concentric with the cylinder
 

infiltrometer. Water is maintained in the area between the two
 

cylinders at about the same depth as that in the inner cylinder.
 

.Two problems may make infiltration rates measured by cylinder
 

infiltrometers unrepresentative of true infiltration rates. One is that
 

the soil may be disturbed when the rings are driven into the ground.
 

The second is that the ponded water may not duplicate real conditions.
 

For example, although infiltration rates are not too sensitive to the
 

water pressure at the surface, or equivalently the depth of water on the
 

surface, water pressure will have some effect. The infiltration rate
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Figure 9-2. Cylinder infiltrometer 
in use. 

Figure 9-3. Cylinder infiltrometer 
showing buffer pond and 
depth gauge. 

* t.' 

4-~ 

Figure 9-4. 	 Blocked furrow infiltrometer with a Marriott
 
siphon water supply reservoir. Notice the
 
buffer furrows.
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measured with an infiltrometer with 20 cm of ponded water will not be
 

equivalent to that in a border with 5 cm water depth, or to that under a
 

sprinkler where no water is ponded. Also, air which is trapped under a
 

level basin may escape laterally from around the infiltrometer.
 

Finally, under real conditions, water usually moves across the soil
 

surface rearranging surface particles. This erosion and aggregation
 

which does not occur in ponded infiltration tests tends to seal soil
 

surfaces and reduce infiltration rates.
 

Blocked Furrow Infiltrometer
 

One of the commonly used methods for measuring the infiltration
 

rate in furrow irrigation is the blocked furrow infiltrometer, shown in
 

Figure 9.4. The blocked furrow infiltrometer measures the infiltration
 

of water into the soil profile from a short segment of a furrow (about 1
 

meter). The water is ponded in the section by barriers driven into the
 

soil across the furrow. Furrow infiltration is two-dimensional because
 

it includes both vertical and horizontal movement of water into the
 

soil. After the water penetrates the soil surface it will begin to
 

spread laterally as well as vertically. In order to prevent excess
 

lateral movement of water and simulate the actual irrigation, furrows
 

adjacent to the one tested are filled with water. These are known as
 

buffer furrows.
 

Since the wetted surface will vary as the water depth in the furrow
 

varies, maintaining the water level in the furrow near the normal depth
 

is important. The normal flow depth should be determined, if possible,
 

while the furrow is being used during a normal irrigation. The constant
 

depth can be maintained easily with a device called a Marriott syphon,
 

shown in Figure 9.5. A Marriott syphon is a closed container with
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the only access to atmospheric pressure being through an adjustable
 

tube which extends below the water surface. The air tube creates a free
 

water surface at atmospheric pressure at the level of its bottom regard­

less of the actual depth of water in the container. By placing the
 

water outlet hose in the bottom of the blocked furrow and positioning
 

the lower end of the air tube at the -sired furrow water su:face
 

elevation, the outflow from the reservoir will maintain the desired
 

furrow water depth while allowing the volume of water added, and thus
 

the voluie infiltrated (since the volume stored in the furrow is
 

constant) to be measured.
 

The main problem with blocked furrow infiltrometer measurements is
 

that they are made with ponded water. Water running down furrows will
 

erode and deposit surface sediments which can cause furrow cross section
 

and surface infiltration characteristics to change.
 

Calculations
 

Infiltrated depth or volume over time is measured. The volume
 

infiltrated into the blocked furrow can be converted to depth by
 

dividing by the blocked furrow length and row spacing (or, if every
 

second row irrigation is being practiced, by double the row spacing).
 

The data should be plotted in the for.5 of a cumulative infiltration
 

curve, which is a plot of the accumulated infiltrated depth, z, vs. time
 

from the start or the intdke opportunity time, t. This plot will
 

indicate obvious errors in the data. The infiltration rate at bny time,
 

which is the derivative of the cumulative infiltration, can be deter­

mined from the slope of the z vs. t curve at any time. Both types of
 

curves are shown in Figure 9.1.
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Figure 9-5. Marriott siphon water supply reservoir for
 
blocked furrow infiltroweter.
 

Infiltration characteristics are easier to describe and use in the
 

form of mathematical relationships. Therefore, the data should be
 

fitted to Equation 9-6. This can be done graphically using log-log
 

paper, or analytically with regression techniques.
 

Graphically, a power curve of the form
 

y = Kta (9-7) 

should plot as a straight line on log-log paper, with a as the slope of
 

the line and K as the y value at t = 1. In Equation 9-6, y would be 

equal to (z - Ibt). Consequently, a value for Ib must be estimated 
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before the data can be plotted. As was stated, Ib is the basic 

infiltration rate, so the first estimate for Ib is the infiltration 

rate at the end of the measurement period which can be determined from 

the infiltration rate plot or the slope of the cumulative infiltration 

vs. time curve. From this initial estimate, the value of Ib should be 

adjusted by trial and error until the (z - Ibt) vs. t data plots as
 

near a straight line as possible on log-log paper. A plot which curves
 

upward, or is concave upwards, especially at longer times, indicates an
 

value which is too small, and vice versa. This graphical adjustment
Ib 


procedure is illustrated in Figure 9-6. If the line curves at short
 

times, a constant probably needs to be subtracted from (if concave
 

upwards) or added to all z values. The need for such a correction
 

would indicate that the initial experimental conditions were faulty
 

(i.e. 	plastic sheet not down tight).
 

If a calculator with regression analysis capabilities is available,
 

this curve fitting process can be done analytically. By regressing
 

£n(z - Ibt) vs. £n t, the derived slope value will be the exponent, a; 

and the exponential of the intercept will be the coefficient K. The 1b 

value should be adjusted until the minimum coefficient of determination, 

r , is achieved. Regression determinations should always be checked 

graphically. 

9.2 	EQUIPMENT
 

1. 	 A cylinder infiltrometer, 20 to 30 cm in diameter and 30 to
 
40 cm in length, made of smooth steel, rigid enough to allow
 
it to be driven into the ground, but still thin enough to
 
enter the soil with minimum disturbance. Two millimeter thick
 

(14 gauge) steel will usually work, but may need reinforcement
 
around the upper edge. The larger the diameter of the
 

cylinder and the deeper the cylinder penetrates the soil, the
 

less will be the edge effects and the greater will be the
 
accuracy of the measurements.
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Figure 9-6. 	 Graphical determination of genera)
 
infiltration equation.
 

2. 	 A buffer cylinder having a diameter at least 30 cm greater
 
than the infiltrometer and a length of about 20 cm. Construc­
tion should be similar to that of the infiltrometer. Sections
 
of 55 gallon drums can be used as buffer cylinders. Alter­
nately, the buffer "ring" can also be a diked area surrounding
 
the cylinder infiltrometer.
 

3. A water 	level gauge for measuring the changes of water level
 
in the cylinder infiltrometer. A simple hook gauge is shown
 

in Figure 9-7, although other arrangements are possible.
 

4. 	 Two metal sheets, about 90 cm wide, 30 cm high and 0.20 cm
 
thick, with reinforcement at the upper end.
 

5. 	 Marriott syphon or other regulated supply reservoir with
 
attached water level gauge.
 

6. 	 Staff gauge or other means to indicate the constant water
 

level required in the furrow.
 

7. 	 Equipment for installing the cylinders and furrow dams such as
 
a metal plate or heavy timber and a sledge hammer.
 

8. 	 A plastic sheet or other waterproof membrane.
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Figure 9-7. Hook gauge for cylinder infiltrometer.
 

9. 	 Source of water (about 200 liters for each ring infiltroieter
 

and 800 liters for each blocked furrow test).
 

10. 	 Bucket
 

Also: shovel, watch.
 

9.3 PROCEDURE
 

Cylinder Infiltrometer
 

1. 	 Select a representative location for each cylinder and examine
 

carefully for signs of- unusual surface disturbances, such as
 

stones that might damage cylinders, cracks which might give 
nonrepresentative readings, etc. Avoid areas that may have
 

been affected by unusual animal or machinery traffic. Note
 

the soil type and condition (tillage, vegetation, moisture).
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2. 	 Drive the infiltrometer cylinder to a depth of at least 15 cm.
 
The cylinder should be installed as vertically as possible.
 
This can be assured by checking the alignment frequently
 
during the installation procedure. Do not drive the cylinder
 
into the soil irregularly so that first one side then the
 
other goes down. This procedure produces poor contact between
 
the cylinder wall and the soil, and may disturb the soil core
 
within the cylinder. If the cylinder gets out of alignment
 
while driving, remove it and reset it in a comparable area
 
nearby.
 

3. 	 Set the buffer cylinder around the infiltrometer and drive it
 
into the soil. This outside cylinder need not be driven as
 
deep as the cylinder infiltrometer--generally, 5 to 10 cm into
 
the soil will be adequate.
 

4. 	 Place a plastic sheet or other waterproof membrane on the soil
 
within the cylinder infiltrometer so that it forms an inner
 
cylinder to hold the water. The plastic should be in contact
 
with the soil at the bottom of the infiltrometer and extend up
 
the walls of the infiltrometer at least 15 cm.
 

5. 	 Fill the buffer pond with water to a depth roughly equzl to
 
the depth desired in the inner ring. Maintain roughly equiv­
alent depths throughout the period of observation.
 

6. 	 Fill the cylinder infiltrometer with water to a depth of about
 
10 cm. In extremely porous (high intake) soils, a greater
 
depth may be needed.
 

7. 	 Place the hook gauge board on the cylinder and set the point
 
of the gauge at the water level. Read the scale from the top
 
edge of the clip. This is the initial depth reading and will
 
correspond to the initial time reading.
 

8. 	 Quickly, but gently, remove the plastic membrane recording the
 
time at which this is done. This is the initial time reading.
 
Make a hook gauge reading as soon as the ,7ater surface is
 
still enough to do so, and compare this reading to the initial
 
one to insure that there were no air spaces below the plastic.
 

9. 	 Make additional hook gauge readings at periodic intervals and
 
record the hook gauge and time readings. Intervals between
 
observations should be short (2 to 5 min) at the start of the
 
test. After 20 minutes the intervals may be increased to 10
 
to 20 min. After about 2 hours, measurements made at 30- to
 
50-minute intervals will usually be sufficient.
 

10. 	 When the water level has dropped 4 to 5 cm in the cylinder
 
infiltrometer, carefully add a sufficient volume of water to
 
return the water surface to the approximate initial level.
 
The known volume of water added, divided by the cress­
sectional area of the cylinder, gives the depth of water added
 
to the cylinder. If a volumetric container is not avallable,
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the added depth can be closely estimated by plotting the depth
 
readings over time just before and after the water was adde
 
and 	 determining the projected depth increase at the time the 
water was added. The volume added and corresponding depth
 
added, or the projected depth added should be recorded on the
 
data 	collection sheet.
 

11. 	 Where abnormally high or low infiltration values are indicated
 
by the test results, the infitrometer should be dug out and
 
the soil examined for possible causes. If, while running the
 
test, an obvious cause ior a high rate of infiltration can be
 
seen, such as water rising outside the cylinder, the test
 
should be terminated immediately and the cylinder moved to a
 
nearby location and reinstalled.
 

12. 	 The measurements should be continued until the change in depth
 
over time becomes fairly constant. The time required will
 
generally vary from 3 to 6 hours, depending on the preexisting
 
moisture conditionn and soil hydraulic conductivity.
 

Blocked Furrow Infiltrometer
 

1. 	 Select a representative furrow section being cognizant of
 
furrow shape, soil condition, and whether tractor or imple­
ment wheels have compacted the soil.
 

2. 	 Drive two metal sheets across the furrow about 1 meter apart
 
vertically into the soil to a depth of approximately 15 cm.
 
Disturb of the soil surface as little as possible.
 

3. 	 Similarly, install metal sheets or build earthen dams in the
 
parallel buffer furrows. If every row irrigation is being
 
used, the adjoining furrows would be the buffer furrows. If
 
alternate furrows are irrigated, the second furrow on each
 
side would be the buffer furrows.
 

4. 	 Cover the bottom of the test furrow with a plastic sheet or
 
other impermeable material.
 

5. 	 Fill the test furrow with water to the level at which water
 
would normally flow during irrigation.
 

6. 	 Smooth a level platform in the bottom of the test furrow
 
outside the ponded section. Set the Marriott syphon on the
 
platform. Clamp off the outlet hose (or hold the end above the
 
top of the container) and fill the container. Insert the air
 
tube and stopper and adjust the bottom of the tube to a level
 
a little below the elevation of the water surface in the
 
furrow. Lay the outlet hose in the furrow and let the water
 
flow until the air stops bubbling. This water flow is
 
necessary to establish the vacuum in the top of the container
 
required for the reservoir to operate properly. Then slowly
 
raise the air tube until water just begins to flow (or air
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bubbles) again. The tube bottom should now be at the same
 
elevation as the water surface in the furrow. Record the
 
water level in the reservoir and note the level in the furrow.
 

7. 	 Fill the buffer furrows with water and maintain the level at
 
roughly the same depth as in the measured furrow throughout
 
the test.
 

8. 	 Quickly, but gently, remove the plastic sheet and begin
 
recording time.
 

9. 	 Record the reservoir water level with time. When the water
 
level approaches the bottom of the air tube, clamp off the
 
outlet hose, ,ecord the depth, remove the stopper (without
 
disturbing the tube setting), refill the reservoir, reinsert
 
the air tube and stopper, record the new depth, and open the
 
outlet.
 

10. 	 If the water level in the furrow varies above or below the
 
desired level, adjust the air tube in the syphon accordingly.
 
During the early portion of the test when infiltration rates
 
are high, it may be necessary to set the tube slightly above
 
the furrow water level in order to create the head required to
 
generate the required flow through the outlet hose.
 
Temporarily removing the stopper will also increase flow rates
 
to refill the furrow.
 

11. 	 Continue the readings as explained in procedures 9 and 12
 
under Cylinder Infiltrometer above.
 

12. 	 Determine the cross-sectional area of the reservoir and the
 
furrow spacing. Reservoir depth readings are converted to
 
volumes by multiplying by the reservoir cross-sectional area
 
and converted to infiltrated depths by dividing the cumulative
 
volume by the product of the furrow length and the furrow
 
spacing.
 

Calculations
 

1. 	 Calculate cumulative depts by subtracting the present level
 
reading from the initial reading for the previous refilling,
 
and adding it to the cumulative depth before the previous
 
filling; or by subtracting the present level reading from the
 
sum of the initial level reading and all equivalent deptns
 
added. Blocked furrow reservoir cumulative depth data is
 
converted to volumes by multiplying by reservoir cross­
sectional area, and to infiltrated depths by dividing the
 
volumes by irrigated area.
 

2. 	 Plot both blocked furrow and cylinder infiltrometer data
 
(cumulative infiltrated depth vs. elapsed time) on both
 
rectangular and log-log paper. Equation 9-6 should be fit to
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both data sets graphically, as demonstrated in Fig. 9-6, and,
 
if a computer or programmable calculater is available, using
 
the power curve regression techniques listed in Appendix 2.
 

3. 	 Determine infiltration rptes by taking graphical derivative of
 
the cumulative infiltrated depth curve and the mathematical
 
derivative of the derived cumulative infiltration equation.
 
The graphical derivative is the slope of the curve in rec­
tangular coordinates. The differentiated equation should be
 
plotted with the graphically derived curve to compare the
 
methods.
 

9.4 	ANALYSIS AND DISCUSSION
 

Would you expect these tests to over- or underestimate the infil­

tration rate which actually occurs under normal irrigation conditions?
 

Why? Consider the facts listed in the Introduction plus the physical
 

measurement process. Would you expect the infiltration rates to vary
 

throughout the season as water temperatures vary? How much? (See
 

Exercise 7).
 

The U.S. Soil Conservation Service (SCS) has run many cylinder
 

-.infiltration tests. They have adopted the mathematical relationship:
 

z = Kta * c 	 (9-5)
 

where c = 0.6985 cm as best fitting their data, and have categorized
 

soils into the intake families shown in Figure 9-8. The SCS then uses
 

these families as design parameters for irrigation systems. Plot a few
 

of your collected data pointE on Figure 9-8 to determine whether the
 

data fits the SCS model, and the appropriate intake family.
 

The wetted area of a furrow is less per unit area irrigated than
 

that of a totally wetted surface as represented by a cylinder infil­

trometer test. This smaller wetted surface should cause lower measured
 

infiltration rates by the blocked furrow method. Was this actually the
 

case? If so, is the reduction as great as the reduction in wetted
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Figure 9-8. Soil Conservation Service intake families (adapted from
 
SCS National Engineering Handbook, Section 15, Chapter 1 
(USDA, 1964)). z = Ka c, where c = 0.6985 cm for all 

intake families.
 

surface area? On the tested soil, how much longer must water run in a
 

furrow to achieve the same irrigation as would be achieved by border
 

irrigation?
 

If water is applied to this soil from a sprinkler which applies 

2 cm/hr of water, how long will it take to infiltrate 8 cm depth? W'ill
 

water pond on the surface? When?
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Soil-Water Engineering Laboratory
 
Exercise 9
 

Cylinder Infiltrometer Data Sheet
 

Name Date Location 

Soil Type and Condition 

Ring Diameter (cm) Buffer Pond Diameter (cm) 

Elapsed Cylinder Volume Equivalent Cumulative 
Time 

(hr/min) 
time, 
t 

Level 
Reading 

Added 
3 

Depth 
Added 

Depth
Infiltrated 

Comments 

(min) (cm) (cm (cm) z (cm) 



_ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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Soil-Water Engineering Laboratory
 

Exercise 9
 
Blocked Furrow Infiltrometer Data Collection Sheet
 

Name 
 Date Location 

Soil Type and Condition 

Furrow Length (cm) ; Furrow Spacing (cm) 

Area Irrigated (cm2 Reservoir cross-sectional area (cm
2 ) 

Wetted Perimeter (cm) ,_ ; Ave (cm) 

Wetted Area (cm2 ) 

IElapsed 
TimeI time, 

Reservoir 
Level 

Added 
Depth 

Cumulative 
Depth 

Infiltrated 
Volume 

Infiltrated 
Depth, Comments 

(hr/, t Reading (cm) (cm) (cm3 z (cm) 
min) (min) 

,___ _ _ _ _ _____ _ 
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EXERCISE 10
 

SOIl. SALINITY
 

10.1 INTRODUCTION
 

High concentrations of ions in the soil-water solution affect plant
 

growth by excessive ion uptake (physiological) and by effects on the
 

soil-water osmotic potential and thus water uptake by the plant. Most
 

of the ions in soil-water solutions are derived from salts, and thus the
 

term -soil salinity is used to represent the ion concentrations. This
 

exercise will describe methods to measure the salinity of soils. The
 

same measurement techniques can be used to determine the salt
 

concentration of irrigation or drainage water.
 

The harmful effects of salts in soils depend primarily upon the ion
 

concentration in the soil-water solution. The concentration in turn
 

varies with the soil moisture content. For example, the soil-water salt
 

concentration of a soil at wilting point will be approximately double
 

that at field capacity. Consequently, a reference soil moisture must be
 

used to make soil salinity measurements more meaningful. Soil-water is
 

easily extracted from soils with a high water:soil ratio, but salinity
 

measurement at high ratios is undesirable due to salt dissolution. The
 

low moisture contents is more difficult and
extraction of soil water at 


time consuming. Saturation is the lowest moisture content at which soil
 

moisture is fairly easy to extract, and is a moisture content which can
 

be determined relatively easily. Therefore, saturation is the moisture
 

content at which soil salinity is usually measured, and the salt
 

concentration in an extract from a saturated soil paste is considered
 

standard for evaluating effects on nliat growth.
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Ion concentrations in water can be found by determining the 

concentration of each of the predominant salt ions and summing to get 

the total. Effects of individual ions sometimes makes this measurement 

necessary. However, gravimetric determination in which a gravimetric or 

volumetric solution sample is evaporated and the mass of residuals 

determined is a much simpler procedure to measure the total salt 

concentration. The salinity is then given as parts per million (ppm 

mg/kg) or milligrams per liter (mg/2). 

An even easier and quicker method to get an estimation of the total
 

salt concentration of a solution is to measure the electroconductivity,
 

EC, of the solution. The ions in a solution facilitate the-flow of an
 

electrical current through the solution. By inserting two electrodes in
 

the solution and creating a voltage across the electrodes, the
 

resistance to the flow of electricity (or inversely, the conductance)
 

gives an indication of the ion concentration. Each type of ion does not
 

conduct current on an equivalent basis, but because conductances are
 

similar, and because most soils contain mixes of roughly the same ions,
 

conductance can be used as a good estimate of total salt concentration.
 

The dependability of EC salinity measurements is greatly increased by
 

determining the relationship between EC and salt concentration for each
 

mix of ions or group of measurements.
 

of two 1 cm-

The standard electroconductivity cell is composed 


platinum plates spaced one centimeter apart. The resistance of the
 

solution is determined by an alternating current wheatstone bridge. The
 

resistance, R (ohms), is converted to conductance, EC, and usually

s 

expressed in millimhos or micromhos (prnhos) per centimeter:
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ECT (millimhos) = x 103 (10.la) 

s 

EC (micromhos) =-L x 106 (10.1b)
 

s 

where K is the cell constant. Cell constants, which are often close
 

to 1.0, should be printed on the cell, or can be determined by cali­

bration (see Section 10.3).
 

Electroconductivity of solutions is strongly affected by the
 

temperature, T ("C), of the solution. Consequently, the temperature
 

must be determined and the measurement converted to EC at the standard
 

temperature of 25*C. The effect of temperature on resistaiice is very
 

nearly 2 percent per degree centigrade, and thus measurements can be
 

converted to standard measurements by:
 

ECT 

EC2 50 = I + 0.02(T-250 ) (10-2) 

In this exercise, only total salt concentrations are measured.
 

Although this is an important indicator, it does not measure the equally
 

important although less common problems which arise from high concen­

trations of specific salt ions, such as sodium, magnesium and chloride.
 

High proportions of exchangeable sodium ions, termed sodicity, cause
 

soils to disperse and can result in very low infiltration rates.
 

Alleviation of sodicity problems requires specific and often costly and
 

time consuming reclamation and management practices. The problems with
 

the second two ions are primarily physiological. If total salinity
 

levels aren't sufficient to cause observed physiological problems, or
 

specific ion problems are suspected, additional determinations of
 

specific ion concentrations must be made. Methods are described in
 

USDA Handbook #60 (USDA, 1954).
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10.2 EQUIPMENT
 

1. 	 Buechner or comparable funnel and filter paper
 

2. 	 Vacuum flask with stopper, or vacuum extraction manifold and
 
collection jars capable of safely containing 85kPa (25 in. Hg)
 
of vacuum
 

3. 	 Crucible
 

4. 	 Standard conductivity cell
 

5. 	 Alternating current wheatstone bridge
 

6. 	 Balance accurate to ± 1 mg
 

7. 	 Crucible tongs
 

8. 	 600 ml beaker
 

Also: 	 laboratory scoop, oven, vacuum system, dessicator,
 
thermometer, #6 sieve
 

10.3 PROCEDURE
 

Note: 	 Electroconductivity cells are normally provided with a
 
cell constant, which is often 1.0. However, this
 
constant should be periodically checked by dividing the
 
measured 	EC25 (pmhos/cm) of a O.lN potassium chloride
 

standard solution (0.7456 g of dry KCL 
per liter of
 
distilled water) into 1411.8.
 

1. 	 Prepare a saturated soil paste by adding distilled or
 
deionized water to a sample of soil in the beaker (at least
 
300 g) while stirring with a laboratory scoop. The mixing
 
process is easier if the sample is first passed through a #6
 
sieve. At saturation the soil paste glistens as it reflects
 
light, flows slightly when the container is tipped, and slides
 
freely and cleanly off the spatula for all but clayey soils.
 

2. 	 Measure the saturation moisture content, W , of a subsample of
 
the saturated paste by weighing the paste subsample wet and
 
after drying in the oven for 24 hours.
 

3. 	 Place a medium grade filter paper in the porcelain funnel and
 
pour the saturated soil paste onto the paper. Make sure that
 
the paper and bottom of the funnel are covered and that there
 
are no vacuum leaks. Attach the porcelain funnel to the
 
vacuum flask, as shown in Figure 10-1, or alternately to a
 
vacuum extraction manifold 
(Fig. 10-2), and apply vacuum.
 
Press and smooth the soil paste frequently to eliminate air
 
pockets. Vacuum extraction should be terminated when air
 
begins to pass through the filter and little water is being
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Ow.
 

Figure 10-2. Extract collection with
 
a vacuum manifold.
 

Figure 10-1. 	 Extraction of a saturated
 
extract with a Buechner funnel
 
and vacuum flask.
 

Figure 10-3. Measurement of extract resistance with a
 
conductivity cell and Wheatstone bridge.
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collected. If the extract is turbid, sediment has leaked
 
through or around the filter and the sample must be
 
refiltared.
 

4. 	 Rinse the conductivity cell with the soil solution extract to
 
be measured. The adequacy of rinsing is indicated by the
 
absence of resistance changes with successive rinsings. If
 
only a small amount of the soil solution extract is available,
 
the cell may be rinsed with acetone and ventilated until it is
 
dry.
 

5. 	 Refill the cell with the soil solution extract and measure the
 
resistance of the extract with the wheatstone bridge (Fig.
 
10-3), and the extract temperature, T, with a thermometer.
 
Convert the R5 reading to a standard conductance reading
 
using Eqs. 10-1 and 10-2.
 

6. 	 Weigh a clean, dry crucible to the nearest 1 mg. Place the
 
extract solution in the crucible and immediately weigh.
 
Evaporate the extract in an o'en. Remove the crucible and dry
 
residuals from the oven, cool in a dessicator, and quickly
 
weigh. Avoid touching a dry crucible with "moist" hands. Use
 
tongs.
 

7. 	 Calculate the salt concentration as the mass of the dry
 
6
 

residuals divided by -the solution mass and multipled by 10
 

8. 	 Calculate the ratio of the extract salt concentration (ppm) to
 
its electroconductivity (pmhos/cm).
 

10.4 ANALYSIS AND DISCUSSION
 

The 	USDA Handbook 160, "Diagnosis and Improvement of Saline and
 

Alkali Soils," (USDA, 1954) gives an "average" conversion factor of 0.64
 

to convert from EC25 (pmhos/cm) to salt concentration (ppm). This
 

number is often used, although the ratio can vary widely for different
 

soils and waters. Would the use of the standard constant have caused
 

significant error in the predicted salinity concentrations in the
 

measured soils? Can a better constant be developed for the soils
 

tested, or must each be evaluated independently?
 

Salt 	concentrations in the extracts depend upon the moisture con­

tent 	of the soil paste. Can variability in the measured concentrations
 

(or EC) of the extracts from the same soil be related to variations in
 

the estimated saturation moisture contents.
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Handbook #60 lists the effect of soil salinity on crop growth as
 

given in Table 10-1.
 

Table 10-1. 	 Effect on crop growth on soil salinity as measured by the
 
electroconductivity of a saturated soil extract (adapted
 
from USDA, 1954).
 

SCALE OF CONDUCTIVITY, EC25 (pmhos/cm)
 

4,000 	 8,000 16,000
 

All crops thrive, Sensitive crops Crop growth Only a few 
no evidence of do not thrive, restricted, species sur­
salt injury. Tolerant crops yield usually vive 

may do well. poor. 

According to Table 10-1, will any of the measured soils require special
 

management to reduce the salt concentrations for optimum crop growth?
 

What are the management procedures which could be followed?
 

10.5 	REFERENCES
 

Bureau of Reclamation (USBR). 1974. Earth Manual, Appendix E-8:
 
Soluble Salts Determination of Soils. U. S. Department of
 
Interior, USBR. Second Ed.
 

United 	States Department of Agriculture (USDA). 1954. Diagnosis
 
and Improvement of Saline and Alkali Soils. L. A. Richards,
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Soil-Water Engineering Laboratory
 
Exercise 10
 

Soil Salinity Data Sheet
 

Name
 

Date
 

Sample Description 1.
 

2.
 

3.
 

Conductivity cell type and constant, K
 

Resistivity measurement device
 

1 2 

Electroconductivity:
 

Extract resistance, R5 (ohms)
 

Extract temperature, T (0C)
 

Extract conductivity, EC25
 

(mmhos/cm)
 

Gravimetric:
 

Crucible mass, Mt (g)
 

Extract and dish mass, Met (g)
 

Residue and dish mass, Mrt (g)
 

Gravimetric salt concentration,
 

C (ppm)1
 

Ratio: C/EC25
 

Soil saturation percentage:
 

Soil can mass, Mt (g)
 

Saturated sample and can mass,
 

Nsw t (g)
 

Oven dry sample and can mass,
 

Mst (g)
 

Saturation moisture content, Mass
 
Basis, W 2
 

S 

1
Mrt - tt 06 Mswt Mst 

et Mt s Mst Mt 

3 
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EXERCISE 11
 

WATER MEASUREMENT
 

11.1 	 INTRODUCION
 

In order to efficiently manage irrigation water, the water must be
 

measured. The measurement of open channel flows is usually of the flow
 

rate or discharge, while volumetric measurements are often made of flows
 

in pipelines. Flow rate measurements are 
required to match irrigation
 

applications to soil intake rates and to design conveyance systems. Flow
 

volumes, which can be determined by multiplying flow rates by time, are
 

needed to determine total water applications and irrigation depths on a
 

field.
 

Many 	types of flow measurement devices have been developed. In
 

this 	exercise a few representative devices will be discussed and demon­

strated. More thorough discussions of a wide variety of flow measure­

ment 	structures are given in the Bureau of Reclamation's "Wat,: Measure­

ment 	Manual" (USBR, 1967); Section 15, Chapter 9 of the SCS National
 

Engineering Handbook (SCS, 1962); and "Discharge Measurement
 

Structures", published by the International Institute of Land
 

Reclamation and Improvement (ILRI, 1976). A more complete list of
 

references is given at the end of this exercise.
 

Most flow measurement devices can be divided into two basic
 

categories--those which measure the energy of a flow and those which
 

measure the flow velocity. Examples of the first type include
 

orifices, weirs, and flumes. Propeller meters, floats, and the geometry
 

of a jet of water freely flowing from vertical or horizontal pipes can 

be used to indicate flow velocities which can be related to discharge. 

Both types of measurements can be made in either closed conduits or open 

channels.
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A review of basic fluid mechanics principles will aid in the
 

understanding of flow measurement devices.
 

Fluid Dynamics of Flow Measurement
 

Flowing water has three types of energy:
 

1. Kinetic energy due to movement,
 

2. Potential energy due to pressure, and
 

3. Potential energy due to elevation.
 

These energy forms, when added together, give the total energy, or when
 

expressed per unit force, the head, Ht(m), of the flowing water.
 

Ht = L P- + H, (11-1)t 2g pg
 

where:
 

V = flow velocity (m/sec),
 

p = fluid density (kg/m3),
 

g = acceleration of gravity (9.80 m/sec 2),
 

p = pressure (Pa), and
 

H = elevation above a datum (W).
 

The total energy or head of a flow between two points along a flow path
 

is decreased by friction and form losses, H The energy balance
 

between the two points can thus be expressed by Bernoulli's Equation:
 
2 2
 

V 2 1 1 + H V 2 + !2 +H H ( 1 1- 2 )
 

2g pg I 2g pg 2 L
 

figure 11-1 is a definition sketch for the energy of water flvwing 

through an orifice. The sum of the elevation head, H, and pressure 

head, -P, is often termed the hydraulic head, h. Since the pressure on 
pg
 

all sides of the jet of water below the orifice is atmospheric (zero),
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if we move the datum to the centerline of the orifice, the downstream
 

hydraulic head will be zero, and Bernoullis' Equation simplifies to:
 

2V 2
 
+ h V2 + H (11-3)
 

2g I 2g L
 

Solving for V2:
 
V2 

V2 = [2g( h H (11-4)-H)] 1 /2  


2
 
V
 

In most cases, the upstream velocity head, _ 1 , and the head loss of the
 

contracting flow, HL, will be small relative to the hydraulic head, hl,
 

so Eq. 11-4 can be simplified to:
 

V2 (11-5) 

The velocity can be converted to a flow rate, Q (m3/sec), using the 

continuity equation, Q1 = Q2 ' and the relationship Q VA, giving: 

Q = A.2gh, (11-6a) 

where A is the cross-sectional area of the orifice. 

pO Ht I'L (Ht
 

I2g pg 2g Ct V 
_F V2 

Hig
 

Figure 11-1. Flow through an orifice. 
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Because the converging streamlines will cause the jet to contract
 

smaller than the orifice size, A, there will be 
some head loss through
 

the constriction, and the velocity distribution effects have been
 

ignored, the actual discharge will be less than this predicted ideal
 

discharge. A discharge coefficient, Cd, is used to correct for these
 

factors.
 

Q = Cd A 2gl 
 (11-6b)
 

By similar analyses, expressions for the flow rate over weirs or
 

through flumes as a function of hydraulic head can be derived. In all
 

cases, a discharge coefficient must be used to correct for deviations
 

from assumptions and flow contraction. Because the flow area, A,
 

through open channel devices will also be a function of the upstream
 

water depth or head, the discharge equation exponent for open channel
 

.devices will be 
greater than the 0.5 for orifices. Rectangular weirs
 

and flumes have a theoretical exponent of 1.5, while V notch weirs have
 

a theoretical exponent of 2.5. 
 The exponents for some flow measurement
 

flumes, because of their specific upstream geometries, will vary from
 

these values which are based only on the cross-sectional shape at the
 

contraction. However, most devices or structures through which the flow
 

is contracted and accelerated to at least critical flow velocity (called
 

"free flow"), will follow the basic equation:
 

Q = Chp
 
1
 

The coefficient and exponent for several standard flow measurement
 

devices have been determined in laboratory studies and are availab]e
 

from many sources, such as those in the listed references. Other
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structures can be calibrated in the field or laboratory by measuring the
 

upstream head while a known flow rate is passing through them. These
 

head:discharge data can then be fit to Equation 11-7 graphically on
 

log-log paper or by regression techniques to determine the rating curve
 

for the device.
 

Equations such as 11-7 are based on two important conditions.
 

First, the flow through the device contraction must reach or exceed
 

critical velocity. If critical velocity is reached, flow conditions
 

downstream of the device will not affect the velocity through the con­

traction. Devices with constant flow cross-sections such as orifices,
 

as well as other devices if specially calibrated, can also be used under
 

submerged flow conditions (when critical velocity is not reached) if the
 

downstream head, h2, is also measured. Flow is submerged if a change in
 

down:tream head affects upstream head. The existence of a hydraulic
 

jump downstream of the constriction always indicates free (unsubmerged)
 

flow.
 

Equation 11-7 is also based on the approximation that the velocity
 

upstream of a device is zero. This is obviously never true, but since 

velocity head (see Eq. 11-4) is a function of velocity squared, the 

approximation is often good. If the velocity head upstream of the 

device is greater than 1 or 2 percent of the hydraulic head, hI, then
 

this head must be added to hI to obtain the total head. This is
 

equivalent to V1 being larger than about V2/8 or A1 > 8A Corrections
 

for approach velocities are alternatively sometimes made with a velocity
 

coefficient, Cv . Flumes, in which the head measurement is made in a
 

fixed contracting section, have been calibrated under these specific
 

approach conditions and the discharge equations are not sensitive to
 

approach velocity within given limits.
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Velocity Measurement Devices
 

Several flow measurement devices have been developed which measure
 

the velocity of flow. If the average flow velocity, V, can be deter­

mined at a point of known cross-sectional area, A, the flow rate can be
 

determined by:
 

Q = VA (11-8) 

Propellor and vane meters utilize the momentum of flowing water to
 

deflect vanes. The vane deflection or propellor rotation is then cali­

brated in terms of water velocity. Because the flow velocity varies
 

across a flow cross section, the device must (a) be calibrated for a
 

given position in a given cross section, (b) be installed such that it
 

intercepts streamlines flowing at the average velocity, or (c) be
 

moved around to determine average velocity.
 

Floats such as wooden objects can be placed in steady, uniformly
 

flowing reaches of channels to indicate the flow velocity. The float
 

must be calibrated in a representative channel, or designed to be
 

carried along at the average velocity. A slug of dye can also be
 

injected into a stream to determine the flow velocity.
 

When water exits from a pipe, its momentum will carry it a certain
 

distance upward or horizontally before it falls to the pround. This
 

distance can be related, using momentum principles, to exit velocity.
 

However, because of the nature of water jets, empirically derived rating
 

curves will give more accurate estimates of discharge than calculations
 

based on theoretical principles.
 

Selected Flow Measurement Structures
 

Orifices
 

Figure 11-2 shows an orifice plate installed in an open channel.
 

If the orifice jet is submerged as shown, the total head loss or drop in
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ii
 
a. Side View 

Rectangular 

b. Front View 

Figure 11-2. Rectangular submerged orifice.
 

the water surface is less than that for a free flowing jet. The
 

illustrated orifice is fully contracted, i.e., the perimeter of the
 

opening is far enough from the walls of the approach channel and water
 

surface that the jet fully contracts when passing through the opening.
 

Orifices can be of various shapes with circular and rectangular being
 

the most common.
 

A standard orifice must:
 

1. be placed perpendicular to the flow,
 

2. have sharp edges, (no more than 1-2 mm thick),
 

3. be contracted from the channel boundary and water surface at
 

least twice the smallest opening dimension (I in Fig. 11-2).
 

and
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4. 	 have a cross-sectional flow arta upstream of the orifice, Al,
 

at least 8 times the orifice cross-sectional area, A.
 

The discharge equation for a standard submerged orifice is
 

Eq. 11-6b with an orifice coefficient of 0.61. The head is the
 

difference between the upstream and downstream water levels, (h1 - h2).
 

(11-6c)
Q = 0.6lA42g(h1 - h2) 

If the upstream channel cross-sectional area, A1 , is not 8 times
 

larger than the orifice opening area, A, then the approach velocity must
 

be taken into consideration. The upstream velocity head, h, given by:
 

2

V

h z: 1 = Q2 (11-9) 
2gA 1 

must be added to the upstream hydr.aulic head, so that: 

Q = 0.61A42g(h1 + hv - h2 ) . (11-10) 

If a portion of the orifice is surpressed, (i.e., an edge of the
 

orifice does not protrude from, but is even with, the upstream channel
 

floor or walls) the discharge coefficient, Cd, must be increased by
 

1.5 percent for every 10 percent of the orifice perimeter which is
 

suppressed.
 

C = 	 0.61(1 + 0.15r) , (11-11) 

where:
 

C' = the coefficient for a partially suppressed orifice, and
 

r = the ratio of the suppressed to the contracted portion of
 
the orifice perimeter.
 

A common example of a suppressed orifice is a sluice gate in which the
 

bottom and sides are suppressed and the top is contracted. An orifice
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which is neither fully contracted nor suppressed along any part of its
 

perimeter must be calibrated to determine the discharge coefficient.
 

If an orifice's edges are not sufficiently sharp to create full
 

contraction of the jet, the coefficient will be higher than 0.61 and may
 

be as high as 0.80. Water passing through such orifices will "cling" to
 

the edges of the opening rather than springing free. Such orifices must
 

be calibrated.
 

The head loss across a submerged orifice, (h1 - h2) or Ah, can be
 

easily determined by constructing a window in the plate through which
 

the upstream level can be viewed from the downstream side and the
 

difference measured with a rule or staff gage.
 

Orifices arc also used in pipe conveyance systems as shown in
 

Figures 11-3 and 11-4. In such applications, the jet is generally not
 

fully contracted and the velocity of approach must be considered.
 

Figure 11-5 shows the variation in the orifice discharge coefficient,
 

Cd, with the degree of contraction represented as the ratio of the
 

orifice diameter, d, to pipe diameter, D. This coefficient should then
 

be used in place of 0.61 in Equation 11-10. Also, with circular pipes
 

and orifices, h can be derived in terms of diameters so that:
 
V 

CdA 

Q = CdA2g(Ah + hv) =- d (11-10a) 

S- C2 (d)4 

Such orifices can be placed in pipelines or on the outflow ends of
 

pipes. Heads can be measured with piezometer taps a distance D
 

upstream from the orifice plate and about 0.5D downstream from th­

plate. The h2 value for pipe end orifices is atmospheric, or zero.
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-jhj 

Ah 2 

Piezometers2D 

10 D d _Flow _ _ _ __,, 

Straight, Level, and
Uniform for 8 D Length­

a. Internal Pipe Orifice
 

Piezometer -- -- I I - Ah
 

-T-s 4 D 


Flow #
D d 

Straight, Level,and Uniform
 
- for 8 D Length
 

b. Pipe End Orifice 

Figure 11-3. Closed conduit concentric orifices.
 

Figure 11-4. Measurements being taken from manometers attached
 
to an internal pipe orifice.
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1.0
 

0~- ------.........
 
0.8
 

0.7*
 

0.6
 

0.5
 
0 	 0.2 0.4 0.6 0.8 1.0
 

d/D
 

Figure 11-5. 	 Orifice discharge coefficient, Cd, for a concentric
 
circular orifice of diameter, d, in a pipe of
 
diameter, D (from Albertson et al., 1960).
 

A primary disadvantage of orifices in pipelines is the head loss
 

and the resultant higher energy costs to maintain a required pressure in
 

the pipeline. Consequently, orifice-type devices in which most of the
 

velocity head is reconverted to pressure head, such as venturis, are
 

sometimes used.
 

Spiles and siphon tubes also act like orifices. In short lengths
 

of pipe, the small additional head lossec due to pipe friction (HL in
 

Eq. 10-2) are also proportional to the velocity head. Therefore, their
 

effect is to reduce the discharge coefficient slightly. Spiles and
 

siphon tubes can therefore be used as flow measurement devices if they
 

are calibrated. Their discharge will also follow the form of Eq. 11-6c,
 

but the discharge coefficient will vary depending upon the shape and
 

length of the tube and the entrance and exit conditions. Coefficients
 

close to 0.60 	are common.
 



141
 

Weirs
 

Weirs are like free flowing (unsubmerged) orifices which are not
 

full but have an open water surface. Thernfore, as the head increases,
 

the flow depth over the weir and thus the area, A, increases. Utilizing
 

Bernoulli's equation (Eq. 11-2) between the upstream channel and the
 

weir (see Fig. 11-6), and making the same assumptions as were made with 
V21 

the orifice (H
L 

and I 
2g 

are zero) results in: 

V2
 
2 (11-2a)
 

I 2g 2
 

or: V2 = 42g(h 1 - h2 ) (11-12) 

Staff Gage Weir Plate 

~~~..:.. ...... 
•..... ............,,. -­

\41 \\ ........ , 


,.. '
.\\\\, \\
 

Figure 11-6. Sharp-crested contracted rectangul weir 
(from SCS, 1962). 

By continuity, Q1 = V2A; and for a rectangular opening, such as that 

shown in Figure 11-6, A = Lh2 where L is the width of the weir. 
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Also, the flow depth will pass through critical depth at or near the
 

weir, and critical depth in a rectangular channel is about two-thirds of
 

the upstream head, or (2/3)hi, go:
 

Q = Lh242g(hI - h2 ) (11-13) 

= L(2/3)h1!2g(l/3)h1 

3 /2
or: Q = Cd(2/3).Lr(2-/3)g h1 (11-14)
 

Thus, the exponent, p (Eq. 11-7) for rectangular weirs will be 3/2, as
 

compared to 1/2 for orifices. The exponent value will vary with the
 

cross-sectional shape of the weir (i.e., rectangular, V notch, or
 

trapezoidal). The discharge coefficient which, as with orifices, is
 

required to correct for the fact that water is not an "ideal" fluid,
 

will vary with both cross-sectional shape and type (i.e., suppressed or
 

contracted, sharp, short, or broad crested). Table 11-1 gives discharge
 

equations for common types of weirs. Figure 11-7 shows a rectangular,
 

contracted sharp-crested wier in use.
 

The edges of a contracted weir, like those of a contracted orifice,
 

must be at least twice the head on the weir from the sides or bottom of
 

the channel. A suppressed weir has no side contractions--only a bottom
 

sill. Sharp crested weirs, like orifices, are thin enough at the crest
 

that the water "springs free" of the weir. A weir plate tapered to I to
 

2 mm at the crest is sharp crested. Broad-crested weirs have horizontal
 

and prismatic crests long enough that the flow streamlines become
 

parallel while still on the crest. Crest lengths should be between
 

twice and twelve times the head on the weir, h. The crest lengths of
 

short-crested weirs are between these two categories.
 



143
 

Table 11-1. Discharge Equations for Common Weirs.
 

Shape Type Discharge Equation
 

Q in m3/sec, L and hI in m
 

Rectangular Broad crested, suppressed Q = CLh3/2 (1)
 

Sharp crested, suppressed Q = 1.84Lh3 /2 (2)
 
1
 

it Sharp crested, contracted Q = 1.84(L-0.2h)h3/2 (2)
 

Cipolletti(3 ) Sharp crested, contracted Q = 1.86Lh3 /2
 
1
 

9Q0 V-Notch Sharp crested, contracted Q = 1.34h 2 48
 

(1)
 
C = Cd(2/3)4g/3 = 1.70Cd with 0.9 < Cd < 1.05 depending on sill
 
shape and length.
 

(2)An improved discharge equation for rectangular sharp crested weirs
 

has been developed by Kindsvater and Carter and is presented in the
 
Water Measurement Manual (USBR, 1967).
 

(3)Trapezoidal with 1:4 side slopes.
 

Figure 11-7. A portable rectangular, contracted, sharp-crested
 
weir used in an earthen channel.
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Conditions required for standard weir installations for which the
 

discharge equations can be used are same as those for
the given 


orifices, plus:
 

1. 	 the head on a weir, h, should not be more than one-third of
 

the width, L;
 

2. 	 head measurements should be made at least 4hI upstream of the
 

weir with the weir crest as the datum;
 

3. 	 an air space should exist under and around the jet 
to ensure
 

free flow; and
 

4. 	 suppressed weirs must be aerated below the jet to prevent
 

creation of a vacuum.
 

Weirs are not recommended under submerged flow conditions.
 

As with orifices, if the velocity of approach is greater than
 

one-eighth the flow velocity over the weir, a correction should be made
 

in the upstream head value, hI:
 

h i = 	[(hI + hv)o - h] 11/ , (11-15) 

where hI is the head corrected for velocity of approach.
 

Flumes
 

Flow measurement flumes are special types of broad- or
 

short-crested weirs which include an entrance and exit section. 
 Their
 

discharge equations are therefore similar to weir equations. Flumes
 

have been developed primarily to reduce device head losses, enhance
 

portability, and improve passage of sediment and trash that is common in
 

open channel conveyance systems.
 

Because the upstream head, ha) is measured in the converging
 

section of most flumes and because of friction losses along the flume
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walls and floor, they must be calibrated in the laboratory. Any flume
 

which uses standard calibrations must then be a dimensional duplicate of
 

the original. Because flumes include an entrance and exit section and
 

head measuring gages, the only requirements for proper installation is
 

to ensure they are level, the inflow to the flume is below a specified
 

velocity and relatively uniformly distributed across the width, and the
 

flow depth and degree of submergence are within rated ranges.
 

The most commonly used flume in the world today is the Parshall
 

flume, developed at Colorado State University by Ralph Parshall. Figure
 

11-8 shows the important dimensions of small Parshall flumes. Parshall
 

flume sizes are based on the throat width, W. The throat section has
 

parallel vertical walls with a sloping floor. Free flow conditions
 

occur in small Parshall flumes at submergence ratio, hb/ha, below 0.5 to
 

0.6. The flumes have been calibrated under submerged flow conditions
 

with the downstream head measurement, hb, made in the throat or tail
 

section. Table 11-2 shows the dimensions of small Parshall flumes and
 

the free flow discharge equations.
 

In order to make installation in sloping-sided flat-bottomed
 

earthen or lined channels easier, trapezoidal long-throated flumes have
 

been developed and calibrated. These trapezoidal flumes are also
 

referred to as WSC flumes due to early work done at Washington State
 

College (now University). As s::own in Figure 11-9, trapezoidal flumes
 

have flat bottoms and contracted, sloping side walls. Dimensions of
 

commonly used small trapezoidal flumes are given in Table 11-3.
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OILv.r 

Figure 11-8. Parshall flume shape and dimensions showing stilling

wells for ha and hb measurements (from SCS, 1962).
 

a-
Table 11-2. Dimensions for small and intermediate- size Parshall flumes 
(see Fig. 11-8), 
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T Vew 

Figure 11-9. Trapezoidal flume shape and dimensions.
 

Table 11-3. Dimensions, flow ranges and discharge equations for six
 

trapezoidal flumes.
 

-Dimensions (m)(2ee Fig. 11-9)
 

Flume z W U V L A B C G Flow Range
 
No. (m3/sec)
 

1 )  
 1.0 .122 .305 .935 .305 .381 .433 .152 .046 .001 - .170 

2(0) 1.25 .305 .610 2.590 .760 .910 .910 .460 .150 .015 - 1.60 
3 0.58 .203 .406 1.017 .508 .457 .498 .152 .076 .007 - .50 
4 1.0 .051 .124 .589 .216 .203 .213 .076 .038 .001 - .04 
5 0.58 .000 .051 .197 .178 .178 .176 .076 .038 .0003 - .007 

(2)
 
DISCH*RGE EQUATIONS


(Free Flow)
 

Flume 3 Discharge Equations
 
No. (Q in m /$ec and h in vertical neters)
 

1 Q = 1.783b 2.5 + 0.106h a 1.5 + 0.002a 

1 5 2
2 Q 2.810b 2.5 - 1.359b 1.325h . - 0.244h * 0.036b./ - 0.002
3 Q = 0.806b 2.5 + 0.374b 1.5 

4 Q = 1.795ha 2.5 0.056h& 1.5 

5 Q = 0.655b 24aa 

(1)Sized to fit into standard slip-form concrete lined channels.
 

(2)Equations for flumes 1 through 5 are empirically derived 
 from cali­
bration data.
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Because of their complex shape, the discharge equations for
 

trapezoidal flumes are not as simple as with rectangular flumes. Dis­

charge equations for sizes comonly used in irrigation channels are
 

given in Table 11-3. Two advantages of trapezoidal flumes, in addition
 

to their being easy to install, is that the free flow discharge
 

equations are valid for submergence levels up to 80 percent, and, due to
 

the sloping walls, the range of flows which can be measured in a given
 

flume is large.
 

In order to simplify flume construction, flumes with no throat,
 

termed Cutthroat flumes, were developed by G. V. Skogerboe and
 

associates at Utah State University. The flume, shown in
 

Figures 11-10 and 11-11, has a flat bottom and vertical-sided converging
 

and diverging sections. The flume dimensions have been proportioned
 

such that any length or width of flume can be used.
 

Free flow discharge equations for Cutthroat flumes are also of the 

form of Equation 11-7. The exponent, p, is a function of the flume 

length while the coefficient, K, is a function of both length and width. 

Q =Kn'1 025hnl , (11-16) 

a 

where: 

Q discharge (m3/sec), 

W = flume width at the throat (m), 

h = the upstream head measurement (m), anda 

n and K = coefficients dependent on flume length. 

Values for K and nI can be taken from Figure 11-12.
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Figure 11-10. Cutthroat flume dimensions (from Skogerboe et al., 1974).
 

w 

Figure 11-11. A cutthroat flume being installed and levele.
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Figure 11-12. 	 Generalized free flow and submerged flow
 
coefficients and exponents and 
St for Cut­
throat flumes (from Skogerboe et al., 1973).
 

Cutthroat flumes have also been calibrated under submerged flow
 

conditions. Submergence of shorter flumes 
occur in the range of 60 to
 

70 percent. The submerged flow discharge equation is:
 

KW1 025 (ha _ h)n 1
(-logs)
(
 

(-logs) n2
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where
 

hb = the downstream depth (m), 

S the submergence (hb/ha), and
 

K1 and n2 = coefficients dependent on flume length.
 

Values for and can also be determined from Figure 11-12, as can
I n2 


the transition submergence, St, at which flow conditions change from
 

free to submerged.
 

Propeller Meters
 

Propeller or current meters are propellers on shafts which, when
 

inserted into flowing water, will turn. The rotational velocity of the
 

.propeller is a function of the flow velocity. Thus, the frequency of
 

rotation or accumulated number of revolutions car be related to the flow
 

velocity or volume of water passing the propeller in a period of time,
 

respectively.
 

Propeller meters used in small conveyance systems are usually cali­

brated for a specific cross-sectional area so that the intercepted flow
 

velocity can be converted directly to a discharge rate or volume. Such
 

propeller meters are either inserted into pipelines of specified diam­

eters as shown in Figure 11-13, or are permanently mounted in a short 

portable pipe section which is then attached to the end of a pipe or, 

less commonly, installed through a bulkhead in an open channel. Such
 

propeller meters usually include gauges which read directly in terms of
 

flow rate or total volume.
 

In large canals or rivers, portable propeller meters, often called
 

current meters, are used to indicate velocity at a point in the flow.
 

By sampling many points, the average velocity can be found. Such dis­

charge measurements are limited by the accuracy of the velocity averag­

ing technique and the estimate of cross-sectional area.
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Figure 11-13. Propeller meter installed in a pipeline
 
(from SCS, 1962).
 

Propeller meters cause very little head loss and are thus energy
 

efficient in pipelines. However, the; will catch trash in the water and
 

must be checked often, or used only in clean water. Also, as with any
 

mechanical device, they are subject to wear and must be maintained.
 

11.2 EQUIPMENT
 

1. Orifice plate installed in a bulkhead for open channels
 

2. Orifice plate for the delivery pipeline including piezometers
 

3. Sharp-crested weir (rectangular, Cipoletti, or V notch)
 

4. Parshall, trapezoidal, or Cutthroat flume
 

5. Propeller meter
 

6. Several siphon tubes of the same shape and diameter
 

7. Carpenter's level
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8. 	 Staff gauge
 

9. 	 Small diameter clear flexible tubing (about 3 m)
 

10. 	 Plastic sheeting for erosion control
 

11. 	 Open channel supplied with 0.02 to 0.06 3/sec of water from a
 
pipe.
 

Also: shovels, watch, and meter stick
 

11.3 	 PROCEDURE
 

1. 	 Install the orifice plate in or on the end of the delivery 
pipeline. Use the orifice as the standard against which other 
devices are compared. If delivery is from an open source, use 
.tn orifice installed in the open channel as the standard. 

2. 	 Install the remaining devices in the channel ensuring that the
 
weir and orifice plates are vertical, perpendicular to the
 
flow, and fully contracted; and the flumes are level in both
 
directions. The standard entrance and exit conditions must
 
also be met.
 

3. 	 Measure flows through each device at three flow rates.
 

4. 	 Calculate the flow fates using the equations given in the 
Introduction section and compare with the discharge measured 
through the orifice. Calculate the percentage error in the 
measurement by[the formula: 

dev ice - standard]x10
 

Qstandardx10(1-)
 

5. 	 Set sufficient siphon tubes over a dam or bulkhead installed
 
across the channel to carry the maximum discharge with about
 
30 cm of head loss (Ah). The downstream end of the tubes
 
should be submerged. Measure the head loss through the tubes
 
(with the clear tubing used as a piezometer) at several dis­
charge rates (measured by the orifice). Determine the dis­
charge equation for the siphons by plotting Ah vs. Q/n,
 
where n = the number of tubes, on log-log paper. A linear
 
plot would indicate the siphons follow Equation 11-7, the
 
slope would be the exponent, p, and the intercept the coeffi­

cient, C = CdAAi, where A is the cross-sectional area of
 

each tube. Calculate the discharge coefficient for the
 
siphon tubes.
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11.4 ANALYSIS AND DISCUSSION
 

Each flow measurement device has certain characteristics which
 

influence its use and desirability under different conditions. These
 

characteristics include:
 

1. 	 Cost
 

2. Accuracy
 

3. 	 Ease of use
 

4. 	 Ease of installation
 

5. 	 Required head loss
 

6. 	 Required maintenance
 

7. Portability
 

8. 	 Potential sediment or trash interference
 

9. Adaptability to automated switches or recording devices
 

Rate each of the devices for each of these characteristics. Indicate
 

which device or devices you would install on your farm (real or hypo­

thetical) and why.
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Soil-Water Engineering Laboratory
 
Exercise 11
 

Water Measurement Data Sheet
 

Name
 

Date
 

Location
 

Water Source
 

I. 	Standard Device
 

Type of device
 

Dimensions (m)
 

Pipe or Channel Dimensions (m)
 

Discharge Equation
 

II. 	Submerged Orifice
 

Orifice Dimensions (m)
 

Cross-Sectional (C.S.) Area, A (m
2)
 

Contraction
 
(m2)
Upstream C.S. Area, A1 


A1/A
 

Discharge Equation___ _
 

Discharge Measurements
 

Standard Device Submerged Orifice
 

Ah Q Ah
hI h2 	 hI h2 Q

(m) (m) (m) (m /sec) (m) (m) (m) (m /sec)
 

Comments
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Soil-Water Engineering Laboratory
 
Exercise 11
 

Water Measurement Data Sheet (cont'd)
 

III. 	 Sharp-Crested Weir
 

Weir type
 

Weir dimensions: Width,L (m)_; Side Slope, z
 

Maximum allowable head, hmax, (m)
 

Contraction
 

A1/A at hmax
 
Discharge Equation
 

Discharge Measurements
 
Standard Device Weir
 

hI h2 Ah Q h Q
 

(m) (m) (m) (m /sec) (m) 	 (m /sec)
 

Comments
 

IV. 	 Flume 

Flume type 

Flume size: Width (m) _; Length (m)_ ; Side Slope 

Maximum allowed submergence for free flow, St
 

Discharge Equation
 

Discharge Measurements
 
Standard Device Flume
 

h1 h2 Ah Q ha hb S, (hb/ha)  Q
 

(m) (m) (m) (m3/sec) (m) (m) 	 (m3 /sec)
 

Conments
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Soil-Water Engineering Laboratory 
Exercise 11 

Water Measurement Data Sheet (cont'd) 

V. Propeller meter 

Meter size (diameter) 

Discharge Measurements 
Standard Device 

hI h2 Ah Q Volume 

(m) (/) (in) (M (ntcm 

Propeller meter 
Time Q 

(m /sec) 

Comments 

VI. Siphon tube calibration 

Tube diameter (m) 

Tube length (m) 

Tube C.S. area (m
2 ) 

Number of tubes used, n 

h1 

(m) 

Standard Device 
h2 Ah 

(m) (m) 

Siphon Tube Calibration 

Q h1 

(M3/sec) (m) 

Siphon Tube 
h2 bh 

(m) (m) 

Q/n 

(m3/sec) 

Discharge Coefficient, Cd
 

Exponent, p
 

Comments
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Exercise 12
 

MEASURING WEATHER PARAMETERS
 

12.1 INTRODUCTION
 

Previous exercises have discussed methods to measure soil and water
 

factors which affect the water supply to plant roots. However, it is
 

the atmosphere in which a plant grows which determines how much water
 

the plant needs to grow and produce at its potential. Although a small
 

percentage of the water a plant takes up is used for cellular growth,
 

most is transpired into the atmosphere. The rate of plant transpiration
 

and evaporation from the soil and plant surfaces is affected by the
 

energy status of its surrounding atmosphere, as indicated by the weather
 

parameters of solar radiation, temperature, humidity, and wind run. In
 

addition to these weather parameters which influence crop water use,
 

precipitation which enters the soil serves as a source of water.
 

By estimating from weather measurements how much water a crop has
 

evapotranspired, and how much precipitation has replenished the soil
 

water reservoir, the changes in the soil water storage can be calculated
 

and the need for supplemental water determined. This process is called
 

irrigation scheduling. Irrigation scheduling methods are described in
 

several of the listed references. Evapotranspiration and precipitation
 

data are also required to estimate peak and seasonal crop water require­

ments for the planning of irrigation projects.
 

Crop water use is determined by the potential of the atmosphere to
 

vaporize liquid water and by the availability of water at or near the
 

plant and soil surface. The atmospheric potential to vaporize water
 

from plants and moist soils is called potential evapotranspiration, Etp.
 

Crop water use or consumptive use, CU, is calculated by multiplying
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Etp 	by a crop coefficient, Kc, which is dependent on the crop and growth
 

stage, and a soil moisture coefficient, Ks, dependent upon the soil
 

moisture deficiency.
 

CU = 	Ks x Kc x Etp (1)
 

References which give crop and soil moisture coefficients are given at
 

the 	end of this exercise.
 

Potential Evapotranspiration
 

Potential evapotranspiration is determined by measuring the water
 

use of a mature, well-watered reference crop. As was stated, Etp is
 

dependent upon the energy status of the air surrounding the crops. Thus
 

by measuring both Etp and weather parameters which determine this energy
 

status, empirical equations can be developed or theoretical energy
 

balance equations calibrated to predict Etp from weather measurements.
 

The evapotranspiration equation which utilizes the most weather
 

-parameters and is considered to be the most accurate for a wide range of
 

climatic conditions is the modified Penman equation:
 

Etp(mm) = .41[(A/(A + y))(Rn + G) + (y/(A + y))6 .43Wf(ea - ed)], (2)
 

where: A = the slope of the vapor pressure-temperature relationship
 
at the given temperature (kPa/°C),
 

y = a psychrometer constant (kPa/OC),
 

R= net sol~r radiatipn (MJ/m2 )(O.0418 Langlies

n 	 (cal/cm ) = IMJ/m ), 

soil heat flux, positive when away from the soil (IIJ/m2),
G = 


Wf = a locally calibrated wind function (dimensionless),
 

ea = the average saturated vapor pressure (kPa), and
 

ed = the vapor pressure at the mean dew point (kPa).
 

The inputs for the modified Penman equation are not usually
 

directly measured but are calculated from measured weather parameters of
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incoming solar radiation, air temperature, relative humidity, and wind
 

run. These relationships are given in Section 12.4.
 

Weather parameters are interrelated. For example, relative
 

humidity affects both daily temperature fluctuations and solar
 

radiation. Therefore, Etp equations which require fewer parameters are
 

often used, especially when complete weather data are not available.
 

An Etp equation which requires measurements of only solar radiation
 

and temperature is the Jensen-Haise relationship:
 

Etp(mm) = .41CT(T - Tx)R (3) 

where: R = incoming solar radiation (MJ/m2),
 

T = mean daily temperature (C), and
 

CT and T are constants calculated from long term climatic
 

records for the location.
 

The simplest commonly us.A Etp equation, developed by Blaney and
 

Criddle, assumes the E is proportional to the product of the
 
tp
 

percentage of daylight hours, P (expressed as a decimal) and a factor
 

dependent on the mean air temperature, T(*C):
 

Etp(mm) = CIP(O.45T + 8)] (4) 

where C is a constant dependent on minimum relative humidity, sunshine
 

hours, and daytime wind estimates. Percentage of daylight hours is
 

dependent only on location and date and is available from published
 

tables (Doohrenbos and Pruitt, 1977). The Blaney-Criddle method is
 

normally used only for long-term calculations (monthly) and the
 

constant, C, is determined for classes (low, medium, and high) of
 

relative humidity levels, sunshine hours, and daytime wind run.
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Since evaporation from a water surface is also dependent on the
 

energy status of the atmosphere, pan evaporation data can give an
 

indication of crop evapotranspiration. However, the pan data must be
 

calib-:ited for specific locations (climatic conditions). Evaporation
 

from a class A evaporation pan usually varies between 20 and 30 percent
 

greater than Etp.
 

Referencevs listed at the end of the exercise describe in detail how
 

to use these methods for calculating Etp.
 

Effective Precipitation
 

Effective precipitation is that rain, snow, or dew deposited on the
 

soil and plant surface and available to meet the evapotranspiration
 

requirement of the plant. Total precipitation, as measured in rain or
 

snow gauges, must be adjusted for runoff and deep percolation, which
 

will depend upon the precipitation amount and intensity, soil intake
 

rates, topography and precedent soil moisture deficiency. Although a
 

portion of the total precipitation will evaporate directly from the sc-.l
 

and plant surfaces, it is still effective to the extent that the
 

evaporation from wet surfaces absorbs energy that would otherwise cause
 

transpiration.
 

Instrumentation
 

Weather measurement instrumetation required to determine potential
 

evapotranspiration and carry out irrigation scheduling will depend upon
 

the Etp equation used. The modified Penman method requires incoming
 

solar radiation, relative humidity, temperature, and wind run; the
 

Jensen-Haise equation requires solar radiation and temperature; the
 

Blaney-Criddle method requires measurenent of only temperature anj long
 

term estimates of relative humidity, sunshine hours, and wind run; and
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the evaporation pan method requires only pan evaporation. The metlod
 

chosen will depend upon the accuracy required, the time basis for the
 

estimate (i.e., daily, weekly, or monthly), and the availability and
 

dependability of historical weather data.
 

Several types of instruments are available to measure the various
 

parameters. Factors which affect the selection of instrumentation
 

include the desired accuracy, the accessability of the site, the
 

availability and skill of labor to take readings and service the
 

equipment and the purchase price of the equipment.
 

Temperature
 

Air temperature can be measured with a simple mercury or alcohol
 

thermometer, a thermoelectric couple or a bimetallic recording
 

thermograph. Maximum-minimum thermometers record the maximum and
 

minimum temperature between servicing visits. The maximum temperature
 

is obtained from a mercury thermometer with a constriction at the neck
 

of the mercury reservoir which allows the mercury to expand into the
 

gauge but not return to the reservoir. The minimum temperature is
 

obtained from an a'cohol thermometer containing a marker which will
 

follow the alcohol as it contracts but not as it expands.
 

A thermoelectric couple is a junction of two dissimilar metals
 

which prodi'ces an electric current when heated. The electric current is
 

converted to a voltage and calibrated with temperature. Electronic
 

recording equipment periodically measures the voltage and converts it to
 

a temperature.
 

A recording thermograph uses a curved metallic strip as the
 

temperature sensing element. One end of the strip is fixed to the
 

instrument base and the other end is attached to a pen arm linkage.
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Changes in temperature cause expansion or contraction in the strip which
 

is translated into pen movement via the arm linkage. Temperature can be
 

measured over a wide range although it may be necessary to specify a
 

particular sensor for a particular temperature range. Thermograph
 

calibrations should be checked at least monthly with a mercury
 

thermometer.
 

Relative Humidity
 

Relative humidity is the quantity of water vapor in the air
 

expressed as 4 percentage of the amount it could hold at that
 

temperature. Relative humidity caii be measured with a sling
 

psychrometer or hygrograph. The sling psychrometer consists of a wet
 

and a dry bulb thermometer which are manually rotated in a vertical
 

plane. The two temperatures are read and a psychrometric slide rule or
 

chart is used to determine the relative humidity. The psychrometer,
 

like the thermometer, gives a reading at one point in time.
 

The hygrograph makes a continuous record of relative humidity or. a 

chart mounted on a clock driven cylinder. Human hair is the sensing 

element, the length of which is a function of the relative humidity in 

the air. The expansion or contraction of the hair is mechanically 

magnified and transmitted to the chart via a pen and arm linkage. The
 

chart is mounted on a cylinder or drum which is rotated by either a
 

spring wound or an electric clock drive. The chart rotation speed can
 

be selected as 24 hours or 7 days per revolution by changing the gears
 

on the clock assembly. Such a drum chart is shown in Figure 12-1. The
 

calibration of hygrographs should be checked in the field at least every
 

month with a sling psychrometer.
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i ;:
 

Figure 12-1. Hygrothermograph.
 

Figure 12-2. Pyroheliometer. Figure 12-3. 
 Photo transistor
 

pyranometer.
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Often a hygrothermograph, which is a combination of a hygrograph
 

and a thermograph, is used to record both temperature and relative
 

humidity as a function of time. Figure 12-1 shows such a device.
 

Solar Radiation
 

Total solar radiation is measured with either a pyroheliometer or a
 

pyranometer. The first device, also called a pyranograph, produces a
 

trace on paper of solar radiation over time while the second produces an
 

electric signal which can be converted to solar radiation.
 

The most common method of measuring solar radiation utilizes the
 

difference in temperature between highly absorptive black surfaces and
 

highly reflective white surfaces. This temperature difference is
 

proportional to the intensity of radiation. In the pyroheliometer,
 

shown in Fig. 12-2, the temperature differential is measured using
 

alternating black and white bimetallic strips which are connected to 
a
 

pen arm via a mechanical linkage system. The pen makes a trace over
 

time on a rectangular chart mounted on a rotating drum similar to that
 

used in a hygrothermograph. The resulting trace is calibrated as
 

radiation intensity. The total radiation is the integration of the
 

radiation intensity over time, or the area under this trace.
 

In the star pyranometer, the temperature differential between the
 

black and white surfaces is measured using thermoelectric junctions
 

which produce an electric current proportional to the temperature
 

difference. Electronic integrators convert the signal to units of
 

thermal radiation, sum the readings and display the total on a
 

resettable electromechanical register or digital display.
 

Another method of measuring solar radiation uses a photo-transistor
 

to generate an electric current proportional to the radiation intensity.
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The current is converted to a voltage which is integrated and calibrated
 

to output units of radiation on a printer or displal. Figure 12-3 shows
 

a photo-transistor pyrAnometer.
 

Pyroheliometers and pyranometers should be recalibrated every one
 

or two years by comparing the output with the known output of specially
 

calibrated sensors. The United States Bureau of Standards can make such
 

a calibration check.
 

Due to expense and the difficult of calibrating solar radiation
 

instruments, many areas have historically measured only sunshine hours.
 

Sunshine recorders are transparent spherical bowls which focus sunshine
 

on a specially prepared card. The focused sunshine burns a band on the
 

card as the sun moves across the sky. The burned band indicates the
 

time and relative intensity of sunshine. Sunshine hours can then be
 

used with the expected clear sky or extraterrestrial radiation for the
 

location to give an estimate of incoming solar radiation.
 

Wind Run
 

Wind run, or the distance air moves at a given height over a period
 

of time, is usually measured with a cu-, anemometer. Cups attached to a
 

vertical shaft rotate in wind. The shaft rotation, after being reduced
 

by a gear assembly, either rotates a mechanical counter or generates a
 

switch closure for each tenth of a kilometer (or tenth of a mile) of air
 

movement which is counted on an electronic register. The anemometer
 

cups are generally mounted 2 meters above the ground. Anemometers can
 

be checked in the field for bearing wear by comparing readings with a
 

second anemometer.
 

In many areas wind run varies greatly within short distances, so
 

that recorded wind movement may be typical of a relatively limited area.
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Evaporation Pan
 

The standard U. S. Weather Bureau Class A evaporation pan is 121 cm
 

(47 1/2 in.) in diameter and 25.5 cm (10 in.) deep and is installed on a
 

15 cm (6 in.) wooden platform which allows air to circulate freely
 

around the pan. The pan is constructed of corrosion resistant
 

galanized metal or stainless steel and is normally filled with water to
 

approximately 6 cm from the top. A stilling well avd hook gauge are
 

used to determine the amount of water evaporated. The pan should be
 

refilled (or drained after a rain) to the initial level after each
 

reading.
 

The water in the pan should be kept relatively clean and free of
 

debris. The pan should not be covered with screen unless appropriate
 

corrections are made when converting the evaporation depths to evapo­

transpiration. Algae growth can be controlled by periodically adding a
 

small amount of chlorine disinfectant.
 

Precipitation
 

Precipitation is measured by collecting rain or snow which fall­

into a container of a certain diameter. The U. S. Weather Bureau
 

standard nonrecording rain gauge has an 20.3 cm (8 in.) diameter
 

opening. Rain falling into the gauge is funnelled into a 6.4 cm
 

(2.5 in.) diameter measuring tube. This 10.24-to-I magnification
 

permits reading to the nearest 0.25 mm of precipitation by means of a
 

specially calibrated dip stick which, when inserted into the tube, is
 

wetted to the depth of the water in the tube. After hea%.V
 

precipitation, overflow from the tube, which is stored in the gauge
 

outer container, can be poured into the emptied tube for measurement.
 

The small exit hole from the funnel decreases evaporation of the
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collected water, but nonrecording rain gauges should still be measured
 

and emptied daily.
 

A weighing type rain gauge also uses a 20.3 cm diameter funnel to
 

collect precipitation in a galvanized bucket. A spring scale, which
 

weighs the bucket continuously, is connected to a pen mechanism which
 

records the weight on a chart mounted on a rotating drum. Due to the
 

continuous record, a weighing type rain gauge can be used to determine
 

rainfall intensity as well as total amount. The calibration of weighing
 

rain gauges should be checked every year by placing known weights on the
 

spring scale, measuring the pen travel and making the appropriate
 

adjustments.
 

A tipping bucket rain gauge uses a 20.3 cm diameter funnel to
 

direct the water into a calibrated bucket. When 0.25 mm of rain has
 

been collected, the bucket tips. During the tip, a mercury switch or
 

magnetic switch is momentarily closed. At the end of the tip, a second
 

bucket is positioned below the funnel, ready to fill and repeat the
 

cycle. A register or electronic counter counts the number of switch
 

closures which is directly proportional to the amount of rainfall. The
 

counter is read daily or following irrigation events, or the switch
 

closures can be accumulated in the memory of electronic recording
 

devices.
 

Placement of Weather Instruments
 

The weather instruments are normally grouped together in weather
 

stations. They should be located away from any buildings, trees or
 

other obstructions which could adversely affect the instrument readings.
 

The hygrothermograph and thermometers should be placed in a white,
 

louvered instrument shelter elevated about 1.25 m above the ground
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surface to allow good air circulation around the instruments while
 

protecting them from direct sunlight and precipitation. The door should
 

open such that direct sunlight does not fall on the thermometers when
 

the door is opened (i.e., open to the north in the northern hemisphere).
 

The rain gauge and anemometer should be level and located away from any
 

obstructions, especially in the direction of the prevailing wind. The
 

pyranometer should be level and securely fastened away from any sunlight
 

obstructions. Pyranometers are often fixed to the roof of instrument
 

shelters. The evaporation pan is generally located in a level grassy
 

area away from any surfaces which could greatly increase the advective
 

energy passing over the evaporation pan. Weather stations should
 

generally be fenced to prevent tampering and to keep out animals.
 

Figures 12-4 and 12-5 show instruments installed in a weather station.
 

Temperature, relative humidity and pan evaporation are affected by
 

vegetation in the surrounding area. Consequently, the weather station
 

must be located in a cropped area if crop Etp is being determined, or
 

away from cropped areas if the Etp of natural vegetation is bei:.g
 

estimated.
 

Automated Collection of Weather Data
 

Recent technological advances in the construction of sensors and
 

data recording equipment make it possible to greatly reduce the labor
 

required to collect weather data. Electronic recording equipment allows
 

frequent automatic collection and recording of instrument readings. The
 

data are converted to the desired engineering units and can be stored in
 

a way to make them directly transferable to a computer for analysis.
 

The low power requirements of battery-powered recording equipment allow 

long servicing intervals, making automated collection desirable for 

sites which are not readily accessible. 
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71­

. A.
 

Figure 12-4. 	 Instrument shelter with Figure 12-5. Portion of a weather
 
hygrothermograph, maxi-
 station showing an
 
mum and minimum thermo- an evaporation pan
 
meter, and pyroheliometer. 	 with point gauge, a
 

weighing rain gauge,
 
and a standard 2 meter
 
and a surface cup
 
anemometer.
 

12.2 EQUIPMENT
 

Note: all instruments should be properly installed in a weather
 
station.
 

1. pyranometer or pyroheliometer
 

2. hygrothermograph
 

3. sling psychrometer and psychromatic table
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4. 	 cup anenometer
 

5. 	 rain gauge
 

6. 	 Class A evaporation pan
 

7. 
 one week of weather records from the instruments.
 

Also: thermometer, distilled water
 

12.3 	PROCEDURE
 

Calibration Check
 

1. 	 Place a thermometer inside the weather shelter out of direct
 
sunlight and away from any obstruction which would interfere
 
with free air movement around the thermometer. After
 
equilibrium 
is reached, compare the thermometer temperature

with that indicated on the hygrothermograph and adjust the
 
hygrothermograph accordingly.
 

2. 	 Saturate the wick on the psychrometer wet bulb thermometer
 
with distilled water. Whirl the psychrometer in a vertical
 
plane at a speed of approximately 30 revolutions per minute
 
until the thermometers have reached equilibrium. Record the
 
relative humidity from either printed tables or a psychromatic

slide rule. Compare the value with the relative humidity

value on the hygrothermograph. There is a considerable lag

time for the hygrothermograph to respond to changes in
 
humidity so make adjustments sparingly. An alternate and more
 
accurate method of calibration is to place the hygrothermo­
graph in a calibration chamber where temperature and humidity
 
can be held constant. Because human hair is fragile and skin
 
oil will affect its calibration, use extreme care and do not
 
touch the hair sensing element when making adjustments.
 

Collecting the Data
 

3. 	 The maximum and minimum temperatures for each day, are read
 
directly from the hygrothermograph chart. Figure 12-6 shows a
 
typical hygrothermograph chart with temperature on the upper

scale and relative humidity on the lower scale. Record the
 
daily maximum and minimum temperatures from the hygro­
thermograph chart on the data collection sheet provided. 
Also
 
record the temperatures and relative humidities for 2:00,
 
6:00, 10:00, 14:00, 18:00 and 22:00 hours. Use Table 12-1 to
 
find the dew point (that temperature at which the vapor
 
pressure reaches the saturation vapor pressure or the relative
 
humidity reaches 100 percent) for each of the six readings.

Calculate the average dew point temperature for each day.
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Figure 12-6. Sample hygrothermograph chart showing relative humidity and temperature for one week.
 



Table 12-1. Dew point temperature for given temperatures and relative humidities.
 

D .V IPINT TFIPErATUREs (DEG C) 

-...----- - . RLATIV- II3114OITT Z ------ -­

5 10 is 20 25 30 35 40 4 50 55 60 65 10 15 s0 85 0 95 t0 
TEHP..I 
n.0 -99.9 -0.0 -91.9 -99.9 -10.9 -15.5 -13.5 -12.0 -10.6 -9.2 -8.0 -6.9 -5.9 -4.9 -4.0 -3.1 -2.3 -1.5 -0.9 0.0
 
1.0 -of.# -1I.i -14.1 -to.# -I9.9 -14.5 -12.6 -11.2 -9.1 -8.4 -7.1 -6.0 -4.9 -3.9 -3.0 -2.2 -1.1 -0.5 0.2 1.0
 
2.0 -99.1 -D1.U -of.# -59.9 -!5.9 -I3.1 -11.9 -10.2 -8.1 -1.4 -6.2 -5.0 -3.9 -2.9 -2.1 -1.2 -0.1 0.5 1.2 2.0
 
3.0 -99.9 -9f.9 -99.9 -99.9 -15.0 -12.8 -11.0 -9.1 -7.9 -6.5 -5.2 -4.1 -3.0 -2.0 -1.1 -0.2 0.6 1.4 2.2 3.0
 
4.0 -91.9 -1.9 -99.# -99.9 -14.2 -12.0 -10.1 -8.5 -1.0 -5.6 -4.3 -1.1 -2.-1 -1I -. 1 0.8 1.6 2.5 3.2 4.0
 

5.0 -99.5 -00.0 -99.9 -16.1 -13.4 -11.2 -9.2 -7.5 -6.0 -4.6 -3.3 -2.2 -1.2 -0.1 0.9 I.e 2.6 3.6 4.1 5.0
 
6.0 -99.9 -o9.9 -I9.9 -15.2 -12.5 -10.4 -8.4 -6.6 -5.1 -3.1 -2.5 -1.2 -0.2 0.9 1.9 2.? 3.5 4.4 5.1 6.0
 
1.0 -00.0 -ff.# -19.9 -14.1 -11.1 -9.5 -1.5 -5.8 -4.2 -2.7 -3.5 -0.3 0.8 1.9 2.9 3.7 4.6 5.4 6.2 1.0
 
9.0 -99.9 -99.9 -1.1 -13.5 -10.9 -9.6 -6.6 -4.8 -3.3 -1.9 -0.6 0.6 1.9 2.8 3.7 4.6 5.6 6.5 7.3 8.0
 
9.0 -99.9 -99.8 -16.2 -1?.1 -30.1 -1.8 -5.7 -3.9 -2.4 -1.0 0.4 1.6 2.1 3.1 4.7 5.6 6.1 7.6 8.3 9.0
 

10.0 -89.1 -99.9 -15.4 -12.0 -9.2 -6.9 -4.9 -3.0 -1.4 0.0 1.3 2.5 3.6 4.1 5.1 6.8 7.7 9.5 9.4 30.0
 
11.0 -99.9 -99.1 -14.5 -13.2 -9.4 -6.0 -3.9 -2.2 -0.5 0.9 2.2 3.5 4.5 5.6 6.8 7.1 8.? 9.5 10.3 11.0
 
12.0 -99.9 -9f.9 -11.8 -10.4 -1.5 -5.1 -3.0 -1.2 0.4 1.9 3.1 4.4 5.6 6.8 7.8 8.8 9.6 10.5 31.3 12.0
 
11.0 -99.9 -f9.# -32.9 -9.5 -6.6 -4.2 -2.2 -0.1 3.2 2.1 4.0 5.3 6.6 7.8 8.8 9.7 10.7 11.5 12.3 31.0
 
i1,.0 -11.9 -10.0 -12.3 -8.7 -5.8 -3.3 -1.3 0.5 2.2 3.6 5.1 6.4 1.6 8.7 9.1 10.7 11.7 12.5 13.3 14.0
 

15.0 -f9.# -16.3 -11.5 -1.9 -4.9 -2.5 -0.4 1.4 3.0 4.6 6.0 7.4 8.6 9.7 10.7 11.6 12.6 13.5 14.1 15.0
 
16.0 -18.9 -15.5 -10.7 -1.0 -4.1 -3.6 0.5 2.4 4.0 5.5 7.1 8.3 9.5 10.1 11.6 12.7 11.6 14.5 15.3 16.0
 
1Y.0 -99.9 -14.8 -9.9 -6.2 -3.2 -0.8 1.1 3.2 4.9 6.5 9.0 9.3 10.5 11.6 12.7 11.6 14.6 15.5 16.3 17.0
 
39.0 -19.9 -14.0 -9.1 -5.4 -2.4 0.1 2.2 A.t 5.8 7.5 8.9 10.2 I.5 12.6 13.6 14.6 15.6 16.4 17.3 11.0
 
19.0 -I1.1 -13.2 -8.3 -4.5 -1.5 1.0 3.1 5.0 6.9 8.4 9.9 11.2 12.4 11.5 14.6 15.6 16.5 1.4 19.3 19.0
 

20.0 -!1.9 -12.5 -1.4 -3.7 -0.7 1.9 4.0 5.9 7.8 9.4 30.8 12.1 13.3 14.5 15.5 16.5 17.5 16.6 19.3 20.0
 
21.0 -It.9 -11.9 -6.6 -2.8 0.2 2.7 4.9 7.0 8.1 10.1 I.7 11.0 34.1 15.4 16.5 11.5 13.5 19.4 20.3 21.0
 
22.0 -99.0 -11.1 -5.9 -2.1 1.0 3.5 5.1 7.9 9.6 11.2 12.1 14.0 15.2 16.4 11.4 18.5 19.5 20.4 21.3 22.0
 
21.0 -99.9 -10.4 -5.0 -1.2 1.9 4.4 6.1 8.6 10.5 12.1 13.6 34.9 16.2 1.3 18.4 19.5 20.5 21.4 22.2 21.0
 
24.0 -90.9 -9.6 -4.3 -0.4 2.1 5.3 7.1 9.7 11.5 11.0 14.5 15.9 17.1 18.3 19.4 20.5 23.4 22.3 23.1 24.0
 

25.0 -99. -8.8. -3.5 0.4 3.6 6.2 6.6 10.6 12.4 14.0 35.5 16.9 I1A 19.3 20.6 23.4 22.3 23.2 24.1 25.0
 
26.0 -ff.# -8.0 -2.6 3.2 4.4 1.2 9.5 13.5 11.2 14.9 16.3 11.6 19.0 20.2 21.4 22.3 23.2 24.1 25.0 26.0
 
21.0 -34.7 -7.3 -1.9 2.0 5.2 0.1 10.3 12.4 14.2 15.8 11.3 1.7 20.0 21.1 22.2 23.2 24.2 25.1 26.0 27.0
 
29.0 -15.0 -6.5 -1.1 2.9 6.1 8.9 13.2 13.2 15.1 16.5 18.2 39.6 20.9 22.1 23.1 24.1 25.2 26.1 27.0 29.0
 
29.0 -14.3 -5.9 -0.3 3.1 1.1 9.8 12.3 14.2 16.0 11.6 19.2 20.5 21.9 22.8 24.0 25.0 26.1 27.1 28.0 29.0
 

3M.0 -1.7 -5.0 0.5 4.6 1.9 30.1 32.9 15.1 16.9 19.6 20.1 21.5 22.6 23.8 24.9 26.1 21.1 28.0 29.0 30.0
 
31.0 -12.9 -4.2 1.2 5.3 8.8 11.5 13.9 15.9 17.8 19.5 21.0 22.3 23.6 24.8 25.9 21.0 28.0 29.0 29.9 31.0
 
32.0 -12.4 -1.5 2.0 6.2 9.6 12.4 34.8 36.9 18.7 20.4 21.9 23.2 24.4 25.7 26.9 28.0 29.0 30.0 11.0 32.0
 
31.0 -11.7 -2.1 2.9 7.2 10.5 13.2 15.6 37.8 19.6 21.1 22.7 24.1 25.4 26.7 21.8 21.9 311.0 31.0 32.0 33.0
 
1'.0 -11.0 -2.0 3.6 9.0 11.3 14.1 16.4 18.6 20.5 22.2 21.6 25.0 26.1 27.6 28.8 29.9 31.0 32.0 32.9 34.0
 

34.', -30.3 -3.3 4.5 8.8 12.1 15.0 17.3 39.5 21.4 22.9 24.4 26.0 27.3 26.5 29.8 30.9 32.0 32.9 34.2 35.0
 
1h.0) -9.6 -0.4 5.2 9.6 32.9 15.0 391.2 20.4 22.2 21.8 25.4 26.9 29.2 29.5 30.1 31.9 31.9 31.2 15.2 36.0
 
17.0 -9.9 0.1 6.0 30.4 13.8 31.1 19.3 21.) 22.9 24.1 26.) 21.8 29.2 10.5 31.6 32.9 34.1 3%.1 16.2 37.0
 
int.0 -1.2 1.1 1.0 11.1 14.1 11.5 20.0 21.1 21.8 25.6 21.2 28.1 30.1 13.4 32.6 34.0 14.2 34.2 11.2 19.0
 
lIll -1.% 1. 1.19 12.1 15.5 111.) 21.9 22.8 2..6 2f.5 29.1 29.7 31.1 12.4 33.8 35.0 16.1 11.2 19.2 Mq.O
 

.f, -,.9 2.5 9.6 12.8 16.1 19.1 21.8 23.1 25.6 71.4 29.1 10.1 32.0 33.4 34.9 36.0 31.1 18.2 19.2 40.0 
41.03 -*.1 1.1 9.4. 31.7 !?.? 20.1 22.5 24.6 26.6 2R.3 10.0 11.6 12.9 34.5 34.9 31.0 19.3 19.2 491.3 41.0
 
4..0 -5.5 4.1 11.1 14.4 .11.0 71.0 21 , .. 5 21.5 29.1 1.9 31.5 14.1 3M.5 IF.1 11.9 1q.0 4.A 41.7 42.0
 
43.13 -I.1 4.0 I3.9 30.1 I . 21.M :..1 16.1 29.1 111.2 11.9 11.5 1,.3 36.5 1.1 I9.9 11.11 41.1 41.9 41.0
 
44.n -4.0 I., I.1 16.1 31.6 2.5 P.1 21.2 29.1 11.1 1!.R 14.6 16.1 31.4 19.7 19.9 43.11 41.9 4.9 .,",.I1 
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4. 	 The total solar radiation for each day is calculated by
 
determining the area under a radiation intensity reace from
 
the pyroheliometer. Figure 12-7 shows a typical pyro­
heliometer chart with the total solar radiation calculated for
 
one day. The radiation intensity is the chart value multi­
plied by the instrument constant, K. The instrument constant
 
is supplied by the manufacturer or is determined when the
 
instrument is recalibrated. The total energy density is the
 
radiation intensity multiplied by the time duration and is
 
represented by the area under the curve. The area can be
 
determined by numerical integration, or can be planimetered
 
and converted to energy density units by multiplying the area
 
by a conversion factor. The conversion factor is determined
 
by calculating the energy density of a known area and multi­
plying by the ratio of the actual area to the known area
 
(cross-hatched area in Figure 12-7). Calculate the appro­
priate conversion factor, paying particular attention to the
 
units involved, for the chart given to you. Planimeter the
 
area beneath the curve for each day and calculate the total
 
solar radiation for each day.
 

5. 	 The daily wind run is calculated by subtracting the previous
 
day's reading from the current day's reading. Readings should
 
be taken at the same time each day.
 

6. 	 The daily pan evaporation is determined by measuring, with the
 
hook gauge, the water depth decrease in the pan since the
 
previous day's reading.
 

7. 	 Daily precipitation is determined by direct reading with a
 
dipstick (nonrecording type raingauge), or the increased
 
counter reading multiplied by 0.25 mm/count (tipping bucket
 
type) after any precipitation event, or by determining the
 
increased depth reading on a weighing type rain gauge recorder
 
chart.
 

12.4 	ANALYSIS AND DISCUSSION
 

Use 	 the measured weather parameters to calculate the daily
 

potential evapotranspiration for one week using the Jensen-Haise and
 

modified Penman equations. For the Jensen-Haise equation (Eq.3), if
 

constants for the location are not known, use values of
 

CT = 	0.024 mm/*C and Tx = -8.91C (calculated from long-term climatic
 

data 	from Ft. Collins, Colorado). The mean temperature, T(0 C), can be
 

taken as the average of the maximum and minimum temperature.
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Figure 12-7. Sample pyroheliometer chart showing incoming solar radiation intensity for one week.
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The parameters in the modified Pennan equation (Eq. 2) can be 

determined as follows: The term (A/(A + y)) varies with elevation and 

the mean temperature, T, and can be determined from Table 12-2. Inter­

mediate values should be linearly interpolated. The term (y/(Y + 

is equal to one minus the appropriate (A/(A + y)) value. 

The average saturated vapor pressure, Cas is the average of the
 

saturated vapor pressures, es(kPa) at TMAX and TMIN, which can be
 

determined from Table 12-3.
 

Ca = [esT Ax+ es.TMIN]/2 (5)
 

The vapor pressure at the mean dew point temperature, ed(kPa), is also 

determined from Table 12-3. The mean dew point temperature is 

calculated from 6 daily measurements of temperature and relative 

humidity as indicated by the data collection sheet. The dew point 

temperatures are determined from the temperature and rW',jtive humidity 

using Table 12-1. 

The net solar radiation, Rn, can be calculated as:
 

0.77RsRso + 0.1) Rbo (6)
 

the measured incoming solar radiation (MJ/m2
where: R = 
s 

Rso 30.1 exp[- (D 170 )2] (expected clear ikv 
0 " B radiation (?IJ/m ))'
 

B 279 - 2.98 x Latitude(')
 

D = day of the year (Julian day) 

Rbo = 2.45 x 10 [0.37 - 0.139 'ed ][(T AX + 273.15) 

+ (TMIN + 273.15) 4 1 

(net longwave radiation, MJ/m2 ) and 

ed = the vapor pressure at the mean dew point temperature (kPa). 
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Table 12-2. 	 Variation of &/(A + y) with elevation and 
temperature (from ASAE, 1980). 

Elev. 0U 

C 0 
 500 1000 	 1500 2000 2500
 

0.0 0.&03 0.414 0.428 0.43 0.458 0.475 
:.O 0.477 0.49 0.50,5 0.520 0.536 0.552 
10.0 0.551 0.561' 0.178 0.593 0.608 0.624
 
15.0 0.620 0.632 0.6,5 0.659 0.673 0.68
 
20.0 0.681 0.693 0.705 0.717 0.730 0.743
 
25.0 0.735 0.74.5 0.756 0.767 0.778 0.790
 
30.0 0.781 0.790 0.799 0.:09 0.518 0.828
 
35.0 0.520 0.821 0.635 0.544 0.352 0.560
 
40.0 0.52 0.8 58 0.567 0.872 0.579 0.556
 
'5.0 0.878 (.84 0.889 0.595 0.901 0.907
 
50.0 0.900 	 0.904 0.909 0.914 0.S19 0.924
 

A *i y -- based on the U. S. standard atmospbere. 

Table 12-3. 	 Saturation vapor pressure over wat8r at various
 
temperatures.
 

SATURATION VAPJOk OVERPRESSURE WATER 
Pressures In kiloPascals (kPd) 

Temp. Tenths 
deg C .0 .2 .4 .6 .8 

0.0 0.61 0.62 0.62 0.62 0.63 
1.0 0.66 0.66 0.67 0.67 0.68 
2.0 0.71 0.71 0.72 0.72 0.73
 
3.0 0.76 0.76 0.77 0.77 0.78 
s.0 0.81 0.82 0.82 0.83 0.8 
5.0 0.87 0.88 0.89 0.89 0.90 
6.0 0.93 0.94 0.95 0.95 0.96 
7.0 1.00 1.01 1.02 1.02 1.03 
8.0 1.07 1.08 1.09 1.09 1.10 
9.0 1.15 1.16 1.16 1.17 1.18
 

10.0 1.23 1.24 1.24 1.25 1.26
 
11.0 1.31 1.32 1.33 1.34 1.35 
12.0 1.40 1.41 1.42 1.43 1.,4 
13.0 1.50 1.51 1.52 1.53 1.54 
14.0 1.60 1.61 1.62 1.63 1.64 
15.0 1.70 1.72 1.73 1.74 1.75 
16.0 1.82 1.83 1.84 1.85 1.56 
17.0 1.94 1.95 1.96 1.97 1.99 
18.0 2.06 2.08 2.09 2.10 2.12 
19.0 2.20 2.21 2.22 2.24 2.25
 
20.0 2.34 2.35 2.37 2.35 2.4,0 
21.0 2.49 2.50 2.52 2.53 2.55
 
22.0 2.64 2.66 2.68 2.69 2.71 
23.0 2.81 2.83 2.84 2.86 2.88 
24.0 2.99 3.00 3.02 3.01. 3.06 
25.0 3.17 3.19 3.21 3.22 3.24 
26.0 3.36 3.38 3.40 3.42 3.44
 
27.0 3.56 3.59 3.61 3.63 3.65 
28.0 3.78 3.80 3.82 3.85 3.87 
29.0 4.01 4.03 4.05 4.08 4.10
 
30.0 4.24 4.27 4.29 4.32 4.3. 
31.0 4.49 4.52 d.54 4.57 4.60 
32.0 4.76 4.78 4.81 4.84 4.86
 
33.0 5.03 5.06 5.09 5.12 5.14
 
3-.0 5.32 5.35 5.38 5.41 5.44
 

35.0 5.6" 5.65 5.69 5.7: 5.75 
36.0 5.9 5.97 6.01 6.0. 6.07 
37.0 6.28 6.31 6.31. 6.38 6.41 
38.0 6.63 6.66 6.70 6.73 6.77 
39.0 6.99 7.03 7.07 7.11 ".14
 
40.0 7.38 7.42 7.46 7.50 7.54 
,42.0 7.78 7.82 7.86 7.90 7.95 
.2.0 8.20 8.2- 8.29 8.33 8.38
 
3.0 8.,4 8.69 8.73 8.78 8.82 

-.. 0 9.10 9.15 9.20 9.25 9.:9 
45.0 9.59 9.63 9.68 9.73 9.76 
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The daily soil heat flux, G, can be estimated from te difference 

between the mean of the mean daily temperature of the previous three 

days (T_ T_2 + T 3) and the present daily mean temperature, T: 

G = 0.377[(T1 + T- 2 + T-3)/3 - TI. (7) 

If the mean temperature of the previous three days is not known, assume
 

they equal the weekly mean for the available data, or assume G = 0.
 

The locally calibrated wind function is a linear function of the
 

measured daily wind run, W(km). For Fort Collins the function is:
 

Wf = 1.1 + 0.0106W (8)
 

Compare the Etp values given by the two methods. Is one
 

cons4stantly higher or lower than the other? If a particular day were
 

especially windy, which method would give the higher Etp value? Which
 

would be more accurate? Why?
 

Assume a crop coefficient, Kc, for a mature corn crop oi 0.95 and
 

a soil coefficient for the well watered field to be 1.0. What is the
 

crop water use for the week? If the soil field capacity is 25 percent,
 

the wilting point is 12 percent, the bulk density is 1.3, the root zone
 

is I meter, and the acceptable depletion level is 50 percent,b at the
 

present crop water use rate, how many days can elapse between
 

irrigations?
 

If you were scheduling irrigations for a 500 ha irrigated area,
 

would you use weather measurements or soil water measurements?
 

Potential Evapotranspiration Calculation Example
 

Calculate the Etp for the fourth day of the week, June 5, shown on
 

Figures 12-6 and 12-7. The anemometer readings for the week are shown
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on the example data sheet (Fig. 12-8). Since wind run is measured at
 

12:00, the wind run for the day would be the average of the wind run for
 

the present and next day's readings, or the next day's reading minus the
 

past day's readirg divided by 2.
 

3221 - 3015 = 103km 

The temperature and relative humidity at 2:00, 6:00, 10:00, 14:00, 

18:00, and 22:00 hrs is read from the hygrothermograph chart (Fig. 12-6) 

and a dew point is determined for each set of readings f;Tom Table 12-1. 

The average dewpoint is calculated as 13.9 0 C and recorded on the sample 

data sheet. The maximum and minimum temperature is also read from the 

chart and recorded on the data sheet. The two temperatures are averaged 

to give the mean temperature 

T 270C + 70 C
TIAX + TMIN 
 = 170C2 
 72
 

'Jensen-Haise: 

Etp = .41CTIT - TxJR = .41(.024)[17 - (-8.9)]27.8 = 7.1 mm 

Modified Penman 

At an elevation of 1500 m and for T = 17*C (Table 12-2): 

A/CA + y) = 0.68 

=
y/(y + A) = I - A/ A + y) - 0.68 = 0.32 

From Table 12-3:
 

eSTlIA = es270C 3.56kPa
 

eS.TMI e = 1.OOkPa, 
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so: ea les 4 e .T3IN]/2 = [3.56 + 1.00]/2 = 2.28kPa
= 4T 


Since June 5 is the 156th day of the year and Ft. Collins is at
 
40.20 N. latitude: 

Rso = (30.1)exp[-(1569170 2 = 29.MJ/m 

From Table 12-3, the saturation vapor pressure at the average dew point
 
temperature (13.9*C) = 1.59kPa, so:
 

Rbo = 2.45 x 10910.37 - 0.139e-d][(T X + 273.15)4 + (THIN + 273.15)
4
 

= 2.45 x 109 [0.37 - 0.139 JiT9][(27 + 273.15)4 + (7 + 273.15)4 ]
 

2
 
= 6.8MJ/m , 

and: 

R= 0.77R + O. = 0.77 x 27.8- 0.9 x 27.8 00 1 6.8 n s so o 29.9 

= 15.OMJ/m2. 

*The average temperature for the previous three days is calculated from 

daily maximum and minimum temperature as shown on the data sheet so: 

G = 0.377[(T 1 4 T-2 + T 3)/3 - T = 0.377[(18 + 17 + 20)/31 - 17] 

2 
= 0.50WJ/m 

From Eq. 8 and the calculated wind run of 103 km 

Wf = 1.1 + 0.0106W = 1.1 + 3.0106(103) = 2.19, 

so: 

Etp= 0.41IL(A/(A + Y))(R + G) + (y/(y + A)) 6.43Wf Ca - ed)In 


= 0.4110.68(15.0 + 0.50) + 0.32 x 6.43 x 2.19(2.28 - 159)]
 

= 5.6 mm.
 

http:2.19(2.28
http:10910.37
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Soil-Water Engineering Laboratory
 
Exercise 12
 

Weather Measurement Data Sheet
 

Name k/OH/ ,'- "-


Location AEPCF7 & js (, 

Date 1 ~ z~ *,, ,/ ~'I6' 
Time d7 

0) RH 

0600 7 _ 

1000 

Too00 I L - I

i1I- - T h 
1300 . 

2200 ____--T' 

Average Dew Point I ,
 
Temperature *C
 

tiaximunm- -,I~~1 

Temperature 
0C I7 _ 

!Temperature CL i IC i. I 
lean1 -

_ _ 

Irea__ _Solar__ A_ 

_h_ _ _IRadiation 

L21Anemometer Rd&. 1,1--.b M1.2 1", 

Wind run, W'-k
 

Evaporation

- ,, ×
 I
_ _ _ __ _ I 

Precipitati on _________ ________ 

E (mrn)I i 

Jensen-Ha ise 

tlodi ied
 
Pe F.an D tf l ie
 

Figure 12-8. Data sheet for calculation example.
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Soil-Water Engineering Laboratory 
Exercise 12 

Weather Measurement Data Sheet 

Name 

Location 

0200 

0600 -

RH 

1400 T 

2200 

Average Dew Point 
Temperature *C 

Maximum 

Temperature C 
Minimum 

Temperature -C 

Mean 
Temperature OC 

I 

Radiation MJ 
m 
2 

Anemometer Rdg. 

Wind run, W-km 

Pan 
Evaporation 

(mm) 

Pr-ecipitation 
(mm) 

Etp (mm) 

Jensen-Haise 

Modified 

Penman ____ 

_ 

I 

____ _________ 

I 

____ ___ 

I_ 

! 
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APPENDIX 1
 

REPEATEDLY USED LABORATORY EQUIPMENT
 

EXERCISE NO. IN WHICH EQUIP.ENT IS USED
 
EQUIPMENT 1 2 43 5 6 7 8 9 10 , 12 

Soil sampling
 
cans x x x x x x
 

Oven x x x x x x x
 

Balance
 
(±0.1 gm) x x x x x x
 

Dessicator x x x x x x x
 

Spade or
 

shovel x x x
 

Meter stick x x x
 

Laboratory
 
Scoop x x
 

Spatula x x
 

Mortar and
 
Pestle x x x
 

#6 sieve x x x
 

Thermometer x x x x
 

Wash bottle x x
 

250 ml beakers x x
 

Distilled or
 
deionized
 
water x x x
 

De-aerated
 

water x x 

Watch x x 

Stop watch x x 

Vacuum system x x 
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APPENDIX 2
 

STATISTICAL ANALYSIS OF MEASUREMENTS
 

Introduction
 

The purpose of any soil sampling is to obtain information about a
 
particular soil. The sample usually is only a small portion of the
 
entire soil mass in which you are interested. This large mass of soil
 
is called the "population" or "universe." Information from the sample
 
is of interest only in the sense that it yields information about the
 
population.
 

There are certain characteristics in each population which describe
 
it. The true value of each such characteristic in the population is
 
called a parameter. The purpose of sampling is to estimate these
 
parameters.
 

Measures of Central Tendency
 

Several measures have been developed to represent central tendency,
 
but only two--the arithmetic average and the median--will be explained
 
here in detail. When the data are not skewed, these two measures will
 
be about equal numerically, and either is a good indicator of central
 
tendency. However, when data are skewed, the median may be a better
 
measure than the arithmetic mean.
 

The Mean or Arithmetic Average
 

The mean or arithmetic average is defined as the sum of all
 
measurements divided by the number of measurements.
 

n 
I= xi/n , 	 (A-1)
i=I
 

where X is the symbol for the sample mean, xi is the ith measurement
 
and n is the total number of measurements.
 

The Median
 

The median is used as a measure of central tendency when the
 
distribution of measurements is skewed (i.e., a few observations are
 
quite large or small in comparison to the others).
 

a) 	 If n is odd the median is calculated by ordering the measurements
 
from minimum to maximum, and then selecting the (n + 1)/2 measure­
ment. As an example, suppose we have the following measurements.
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before ordering: 5, 6, 5, 4, 8, 9, 3
 

after ordering: 3, 4, 5, 5, 6, 8, 9
 

the median is equal to 5.
 

b) If n is even the median is calculated by ordering the 
measurements from minimum to maximum, and then averaging the n/2 
and n/2 + I measurements. As an example, suppose we have the 
following measurements. 

before ordering: 7, 6, 8, 5, 3, 10
 

after ordering: 3, 5, 6, 7, 8, 10
 

the median is equal to (6 + 7)/2 = 6.5 

Measures of Variability: Spread or Dispersion
 

S2
 The Variance: 


The variance is the average of the squares of the deviations of
 
measurements about their mean. The definition formula for variance is:
 

n
n (x i -2. 
i1 -2 (A-2) 

-Note that the average is found by dividing by n - 1, not n.
 

The Standard Deviation, S
 

The standard deviation is the positive square root of the variance
 
and is related to how far, on the average, a typical observation lies
 
from the sample mean.
 

S = F2 (A-3)
 

Statistical Inference
 

The objective of statistics is to make inference (prediction or
 
decision) about the population parameters based upon information
 
collected in the sample. We may estimate or predict the value of the
 
parameter using an estimator. The estimator is a rule, generally
 
expressed as a formula, that tells us how to calculate the estirmatel
 
based upon information in the sample.
 

Estimation procedures may be divided into two types, the point

estimate and the interval estimate. The point estimate uses the
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information in the sample to arrive at a single number or point. The
 
interval estimate uses the information in the sample to calculate two
 
points which are to enclose the true value of the parameter estimated.
 

Point Estimators
 

The best estimate of the population mean, p, is the sample mean,
 

X (Eq. A-1). the best estimate of the population variance, a is
 

S2
the sample variance, (Eq. A-2). The best estimate of the
 
population standard deviation, a, is the sample standard deviation, S
 
(Eq. A-3).
 

Interval Estimation for the Population Mean
 

The interval estimation or confidence interval for a population
 
mean may be easily obtained from the point estimates described above.
 
If n is small (n less than 30) the confidence interval for the
 
population mean, p, is calculated using the student's t-test.
 

X ± t CiWa n, (A-4) 

where t is the test statistic listed in Table A-I and a is the
 

degree of confidence desired. This implies that there is a a percent 
probability that the true mean, p, lies within this confidence 
interval calculated from the data sample. 

Table A-I. Common test statistic values.
 

n 
 t90 
 t95 
 t99
 

2 6.314 12.706 63.657
 

3 2.920 4.303 9.925
 

4 2.353 3.182 5.841
 

5 2.132 2.776 4.604
 

6 2.015 2.571 4.032
 

7 1.943 2.447 3.707
 

8 1.895 2.365 3.499
 

9 1.860 2.306 3.355
 

10 1.833 2.262 3.250
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Method of Least Squares (Regression Analysis)
 

One of the most common methods to fit functional relationships to
 
experimental data is the method of least squares. In this type of
 
fitting, the sum of the squares of the deviations of observed values
 
from some functional form is minimized.
 

The experimental observations consist of a set of n data points
 
(Xi, Yi) in which Yi is an observed value corresponding to an
 

independent variable Xi'
 

Application of Least Squares to a Straight Line (Linear Regression)
 

If a straight line is desired to fit a set of n data points (Xi,
 
Yi), the functional form is,
 

Y = a + mX (A-5) 

where Y is the dependent variable, X is the independent variable and
 
a and m are constants defined by:
 

n n n 
n 7 X.Y 7- X. I Y. 

S=1 
n i X2 n 

i=I(A-6)
X) 2 

and
 

n n n n n n 
I Y. 7 X. I X.Y. 1 X. Y.- m I X. 

2 


1 1 . 11 11 1 
a i=1 il i=1l i=l i=1 A7 

n n i-i n 

2.
 
The coefficient of determinaticn, r , indicates how closely the 

equation fits the experimental data. 

n n n 1 
n I X.Y. - I X. I Y
2 i= ~ 1 1i=] (A-8) 

X2 2
[n 7 I X) [n l Y 2
2 n 2 


the value of r2 will lie between 0 and 1. the closer r2 is to 1, 
the better the fit. 
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In the event that a = 0, the line has the equation
 

y = MX, 

and
 

n n
 
= X.Y. / I X2 (A-9)
i=1 i1
 

Linear Regression of Exponential and Power Curve Relationships
 

Nonlinear data can often be "linearized" so that linear regression
 
techniques can be used to determine best fit relationships. This is
 
commonly done graphically when data is plotted on lag-log or semilog
 
graph paper to determine a straight line relationship. For example, if
 
data fits a power curve of the form:
 

Y = aIX , (A-10) 

the data can be linearized by taking the logrithms of both sides:
 

log Y = log aI + bI log X (A-11)
 

Such data would plot as a straight line on log-log paper. Similarly,
 
data which fits an exponential curve:
 

b2X
 

Y = 2e , (A-12) 

can be linearized by taking the logs of both sides.
 

log Y = log a2 + b2X (A-13) 

Such a relationship plots linearly on semilog paper.
 

In order to generate the coefficients of Eq. A-10 using linear
 
regression techniques, take the logs of both X. and Y. before
 
inserting into the regression equations (Eq. A-6 toIA-8). As indicated
 
by Eq. A-1I, a1 , will be the antilog of the derived intercept, a, and
 

the exponent, b., will be the linear slope, m. As indicated by
 
Eq. A-12, tV coefficients of the exponential curve can be generated by
 

taking the log of the dependent variable, Y., before insertion into the 
regression equation. Again, a., will be te antilog of the intercept, 
a, and b2 = m. 

A warning should be noted that, in the process of linearization,
 
scales have been changed and thus, deviations unequally weighted. Thus
 
the least squares regression method is no longer strictly correct.
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APPENDIX 3
 

LABORATORY REPORT GUIDELINES
 

The laboratory report should be a complete and concise description
 
of the methodology, results, and meaning of the results, for each lab
 
exercise. The basic format can be used to write up the findings of any
 
study or research work.
 

Report Format
 

I. Title Page
 

1. 	Lab exercise title
 
2. 	 Class and university
 
3. 	 Author's name
 
4. 	 Group members' names
 
5. 	 Date
 

II. Introduction
 

1. 	 Short background
 
2. 	 Objectives
 
3. 	 Use for the results
 

III. 	Procedure
 

1. 	 Brief description of the equipment
 
2. 	 Brief description of the methods, esp. exceptions from
 

the listed procedures
 
3. 	 Difficulties experienced
 
4. 	 Description of the calculations
 

IV. Results
 

1. 	 Presentation of results--all groups
 
2. 	 Analysis of the results
 

V. Discussion of the Results
 

1. 	 Implication and use of the results
 
2. 	 Suggested improvements in the methodology
 

VI. Appendix
 

I. 	Data sheets
 
2. 	 Sample calculations
 

The laboratory reports can be typed or clearly handwritten. Graphs
 
should be on graph paper and all figures and tables should be numbered
 
and referred to in the text.
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APPENDIX 4
 

UNIT CONVERSIONS
 
(adapted from American Soc. of Agri. Eng. (ASAE). 1981.
 

Agricultural Engineers' Yearbook, ASAE, St. Joseph, Hi.)
 

Quantity English Units Metric Units 

(foot-pound-sec) (centimeter-gram-sec) 


Length, L ft 

it 	 cm 


cm 

in 

in cm 


Area, A ft2 2 

ft ctc 


2 
cm
 
Volume, V ft 3 


P 	 CID 

C03 


glI 

gal 


L 


lass, H 	 lb 
lb g

gi 

Force lbf 
lbf dyne 

dyne 

Density, P blft,lblft" P/cm3 

-33 

p/cm3 

Pressure, P psi 
in Nt(60*C) 

in H20(600C) 


bar 

milg(OC) 


Dynamic
 
Viscosity, n centipoise 


Flow Rate, Q ft3/sec(cfs) 

cfs L/s 


L/s 

nllmin(gpm) 


spm 


Temperature, T OF 


Solar 2 
Radiation, R BTU/ft 2 

cal/cmt SyJ/me 

i:nternational System 	of Units 

S.1. Units* 


a 


2 


*2 


3 


3 

3 

L 


13 


kg 


kg 

Newton(N) 


N 

k/rm3 


3
 

kg/ 3 

kPa 

kPa 

kPa 

kPa 

kPa 


Pa's 


03/sec 


m3/sec 

3/sec 


L/m 


C 


hj/m2 


Conversion factor to
 
convert from first to
 

second unit
 

0.1%5
 
3.05 x 10
 
0.01
 

25.4
 
2.54
 

0.0929
 
9.29 x 10'6
 

4
20.


0.0283
 

2.83 x 10.
 

10.6
 
3
3.79 a 10


3.785
 

20-3
 

0.453
 
4.53 x 10
 
.3
 1o


4.448
 
4.45 x 105
 

1
 

16.021.60 x 104 

103
 

6.895
 
3.377
 
0.249
 

100.000
 
0.133
 

I 

0.0283
 
28.3
 
103
 

.
 
6.31 x 10 s
 

3.785
 

(T( ) ­

0.0113
 
0.0 1
 


