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ABSTRACT 

The study of partially saturated flow in models 

that retain their properties after repeated testing and 

do not require a containing tube offer certain advantages0 

The variability of soil properties for a given material 

is eliminated and the problem of escaping air from the 

model is reduced. Porous models were constructed by 

cementing sand grains together with epoxy resin. These 

models proved to be relatively permanent and did not 

require a containing tube. 

Several pieces of experimental equipment were 

constructed for use with the models in studying partially 

saturated flowQ This equipment was constructed primarily 

of Porvic, which was used as a membrane, and Plexiglas. 

This equipment was used to determine the relationship 

between capillary pressure and degree of saturation on 

the drying or drainage cycle, the pressure distribution 

in a drained column that was allowed to drain from an 

initially saturated condition, and the relationship 

between capillary pressure and partially saturated 

permeability. 

The relationship between capillary pressure 

and degree of saturation was obtained on models 1 inch 

xli 
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in diameter and 1 inch in length. Nine models of each 

size of material were used at one time and the 

relationship was obtained on the drainage cycle by means 

of a static experiment. 

The pressure distribution in drained columns was 

obtained on models 1 inch in diameter and 35 inches in 

length. The models were saturated and then allowed to 

drain until static equilibrium was reached. Capillary 

pressures were measured by tensiometers attached to the 

outside of the columns at various heights. The capillary 

pressure head at a point in the columns was found to be 

equal to the height of the point above the water table 

up to a certain height and then was found to be a constant 

value above this height. The pressure distribution was 

predicted from the capillary pressure-saturation curve 

and this predicted distribution was found to be in agree

ment with the measured distribution. 

The relationship between capillary pressure and 

partially saturated permeability was obtained using the 

35 inch columns. The permeabilities were obtained for 

steady state conditions for various rates of flow. The 

data plotted as a straight line when the log of 

permeability was plotted against the corresponding 

capillary pressure. 

A simplified porous model was considered which 



helps In th® explanation of certain relationships but 

does not provide for the hysteresis effect in the 

relationship between capillary pressure and the degree 

of saturation. 



CHAPTER 1 

INTRODUCTION 

The movement of water through soils is important 

to man because he often pumps water from the soil beneath 

the surface of the ground to supply water for domestic, 

agricultural, and industrial uses. Water must move into 

and through the soil to replenish this underground supply 

and to furnish moisture required for plant growth. 

Drainage and runoff problems are also influenced by the 

movement of water through the soil. 

Water, moving through a porous medium such as a 

granular soil, moves through the complex network of open

ings that exist in the soil. The water, when flowing 

through the pore space or void space, can either 

completely fill the void space or only partly fill the 

voids. If the voids are completely fill with water, 

the flow is said to be saturated flow; while if the voids 

are only partly filled with water, the flow is said to be 

partially saturated flow. In saturated flow the pressure 

in the water is usually positive or greater than 

atmospheric; however, the pressure can be negative or 

less than atmospheric when the voids are saturated. The 

pressure in the water is always negative or less than 
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atmospheric when the flow is partially saturated flow. 

The flow of water through soil is assumed to obey Darcy's 

law, or it is assumed that the flux, rate of flow per 

unit area normal to the direction of flow, is propor

tional to the gradient causing the flow. In saturated 

flow the flux per unit gradient is assumed to be a 

constant for a given soil at a specified temperature. In 

partially saturated flow the flux per unit gradient is 

not found to be a constant but varies0 It is the purpose 

of this study to Investigate some of the relationships 

that exist when the flow through a porous medium is 

partially saturated0 

Many of the studies of flow of water through soil 

have been conducted using columns of natural or artific

ial soil packed in some type of a circular tube usually 

made of metal or plastic. Many of the studies start with 

the column saturated and then allowed to drain. In some 

studies the water has been applied to the column under 

tension or negative pressure. 

It seems that there would be advantages to having 

a model that could be used repeatedly to study flow 

through porous media that would have constant properties 

such as pore space arrangement and void ratio. In the 

study of partially saturated flow it would be desirable 

if the containing tube could be eliminated thus removing 
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as far as possible the problem of air escaping from or 

entering the porous model. 

This study concerns the experimentation involved 

in developing such a model of porous material and the 

study of the behavior of partially saturated flow in the 

model. The relationships specifically studied are the 

relationship between saturation and capillary pressure 

and the relationship between flux per unit gradient and 

capillary pressure. 



CHAPTER 2 

BRIEF HISTORY 

Many papers have been written concerning 

partially saturated flow in porous media. It is the 

purpose of this chapter to describe the contributions of 

several writers which are particularly applicable to the 

study covered by this paper. 

Richards (10) discusses the relationship of 

capillary pressure (hp) or moisture tension to moisture 

content or degree of saturation in soil. Richards points 

out that over a certain range of soil moisture content, 

water in a tenaiometer which is filled and connected to 

a manometer will come to pressure equilibrium with the 

moisture in the soil. Likewise the moisture content of 

a soil in contact with a porous membrane will attain a 

steady value if a constant pressure (negative) is main

tained across the porous membrane0 The pressure differ

ence across the porous membrane has been variously termed 

suction, capillary tension, and soil moisture tension. 

The shape of a typical capillary pressure versus 

degree of saturation curve is shown in Figure 1. 

Adam (1) described the phenomenon of pressure 

4-



5 

TOO 
,S in % 

Fig. lo General Shape of Curve Relating Capillary 
Pressure (h ) to Degree of Saturation (S) 

3? 



6 

across the air-water interface associated with partially 

saturated flow. The fundamental property of liquid 

surfaces is that they tend to contract to the smallest 

possible area. The surface always assumes a curvature 

such that 1/H1 + 1/R2 = a constant, where R-^ and R2 are 

the principal radii of curvature at any point„ The 

surfaces for which this relation holds are surfaces of 

minimum area. If a liquid surface is curved, the 

pressure is greater on the concave side than on the 

convex by an amount which depends on the surface tension 

and on 'the curvature of the surface. This is because 

the displacement of the curved surface parallel to itself 

results in an increase in area as the surface moves 

toward the convex side, and work has to be done to 

increase the area. This work is supplied by the pressure 

difference moving the surface. The magnitude of this 

pressure difference across the interface can be shown to 

be A P = T(l/R^ + 1/R2) or 

A P = P]_ - P2 

where 

p^ » pressure on the concave side of the surface 

P2 = pressure on the convex side of the surface 

R^ and R2 » principal radii of curvature 

T *s free energy or surface tension of the surface. 

The capillary pressure measured by tensiometers 
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is This negative or less than atmospheric pressure 

is referred to as h in this paper, h "being measured as 
]? j? 

a negative pressure head, usually in centimeters of water,, 

Richards (9) discussed comprehensively partially 

saturated flow through a porous mediumo He considered 

the relationship "between capillary pressure and moisture 

content, calling attention to the belief that a hyster

esis effect exists in soils between capillary pressure 

and moisture content but that his experimental work did 

not at that time reveal this hysteresis effect. Richards 

developed equations for partially saturated flow and in 

the solution of flow problems assumed that moisture 

content and permeability are single valued functions of 

capillary pressure but pointed out that permeability is 

a function of moisture content0 Experimental devices 

were described which were used to determine the relation

ship between moisture content and capillary pressure and 

permeability and capillary pressureo Results of such 

tests on several soils were presented,, 

Poulovassilis (8) considered the hysteresis 

effect in the relationship between water content and 

capillary pressure. Using a porous body composed of 

sintered glass beads of mixed sizes, he established 

experimental curves describing the water content-

capillary pressure relationship„ Figure 2 shows the 
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type of relationship obtained. He found that by start

ing from saturation and increasing the capillary pressure 

to the limiting value h^ max, the relationship between 

the volume of water contained in the body and the 

capillary pressure was described by the curve AB. During 

filling when the capillary pressure was lowered from h^ 

max to zero, the same relationship was given by the 

curve BEC. He considered that the difference (AC) 

between the initial and final moisture contents at zero 

capillary pressure represented the volume of air 

entrapped during refilling. Draining the body again he 

found that the curve CDB was obtained and during refill

ing the same curve BEC was obtained. BEC and CDB were 

reproducible in subsequent cycles. He called the two 

branches CDB and BEC of the hysteresis loop, respectively, 

drying and wetting boundary curves, and the region 

enclosed by them was called the hysteresis region<, He 

stated that any point in the hysteresis region can be 

reached by scanning curves as shown in Figure 3. The 

scanning curves originating, respectively, from the 

drying and wetting boundary curves and terminating at the 

extremes of the capillary pressure range were called the 

primary wetting and primary drying curves. The secondary 

wetting and drying scanning curves originate, respect

ively, from the primary drying scanning curves and the 
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Fig. 3. Hypothetical Primary Drying and Wetting 

Scanning Curves (Curves EGB and DFC, Respectively) 

and Secondary Drying and Wetting Curves (Curves 

FMD and GNE, Respectively) After Poulovassilis (8) 
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primary wetting curve. Poulovassilis developed a 

mathematical model "by which he computed a set of primary 

drying scanning curves from the data from an experimental 

set of primary wetting scanning curves. The theoretical 

scanning curves were compared with experimentally 

obtained curves with good agreement® He concluded that 

at a given moisture content different states of water 

distribution in the pore space could exist and that 

partially saturated permeability would not have a unique 

value for a given moisture content. 

Nielsen and Biggar (7) reported results of 

measurements of unsaturated permeability obtained using 

equipment similar to that described by Richards (9)» The 

permeabilities were measured under conditions of constant 

head difference across the sample. Permeability 

measurements were made on both the wetting and drying 

cycle. Their results showed a hysteresis effect in the 

relationship between permeability and capillary pressure 5 

but after initial consolidation, hysteresis effect in the 

relationship between permeability and moisture content 

was very small. 

Bodman and Colman (2) conducted experiments 

relating to vertical flow downward in soil columns. The 

water was introduced to the top of a dry soil column and 

water was maintained at a depth of 5 at the top of the 
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column. After a period of time the moisture distribu

tion in the column was determined by weighing portions 

of the column® Profiles of moisture distribution were 

obtained for different times of flow. In each case the 

profile was determined before the water had reached the 

bottom of the column. The profiles of moisture distri

bution in the column at various times were found to be 

as shown in Figure 4. The authors concluded that the 

moisture profile in the column could be divided into four 

distinct parts or zones whose properties help consider

ably in the interpretation of the infiltration process« 

The four zones are the saturated zone, the transmission 

zone, the wetting zone, and the wet front. The satur

ated zone occupied the top 1 to 1.5 era of the soil 

columns tested and represented a zone of complete 

saturation. 

Colman and Bodman (5) described the transmission 

zone as occupying the upper part of the wetted soil. 

Once established the transmission zone maintains a 

relatively constant degree of saturation and serves to 

conduct water from the soil surface to the wetting zone 

beneath. As the moisture penetrates deeper into the 

column, the transmission zone lengthens maintaining a 

constant moisture content or degree of saturation and 

constant permeability« The wetting zone Joins the 
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transmission zone to the wet front. Within this region, 

downward movement of the wet front is accompanied by 

increasing moisture content of the soil. The lower 

portion of the wetting zone represents the wetting 

portion of the infiltration zone. The wetting zone 

terminates abruptly at the wet front0 Hall (6) depicted 

these zones diagrammatically as shown in Figure 

If we examine the moisture profiles shown in 

Figure 4, we could conclude that when the wetting front 

reaches the water table and steady conditions prevail 

with a constant rate of flow, the transmission zone would 

extend from the saturated zone to some point above the 

water table. The moisture content and capillary pressure 

would be constant over the column from the upper end of 

the transmission zone to a point just above the water 

table. 

Childs (3) pictures the distribution of total 

head in a vertical column with a constant rate of 

downward flow as shown in Figure 6. In this case there 

is no zone of saturation at the top of the column. The 

water was assumed to be supplied to the top of the column 

at a rate that could be taken in by the column with no 

water standing on the surface of the top of the column. 

The lower portion of the curve of total head must be 

concave as saturation increases, permeability increases 

and dh/dy must decrease. The capillary pressure is 
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constant over the upper portion of the column and 

decreases to zero or atmospheric pressure at the water 

table. 

Scott and Cory (12) made studies of downward flow 

in vertical columns of several uniform sands packed into 

a Luclte tube made up of a number of short sections 

separated by tensiometer rings. The experimental setup 

is shown diagrammatically in Figure 7. The fluid used in 

their studies was a hydrocarbon oil called Soltrol. 

Before each experimental run, the column was saturated 

with the fluid. Fluid was supplied to the top of the 

column through a disk of porous plastic (Porvic) at a 

negative pressure (less than atmospheric) so that there 

was no tendency for the fluid to run out between the 

short sections of the Lucite tube. All the tests were 

conducted on the drainage cycle, i.e., each successive 

run was conducted with a smaller degree of saturation 

than the preceding run. The curves of relative perm

eability versus capillary pressure were determined for 

each sand. The type of relationship determined is shown 

in Figure 8. 

Soott and Cory (12) developed an equation describ

ing this flow. They began with the conclusions of Childs 

(3) based upon a study of steady downward flow through 

columns of uniform soil, that the moisture content and 
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capillary pressure are constant over a considerable 

length of the column, and as a consequence the gradient 

ia one. Also Childs and George (4) pointed out the 

existence of a constant value of hp over a portion of the 

column, providing a convenient method of estimating the 

permeability of unsaturated soils. The relation present

ed by Childs and George (4) was shown previously in 

Figure 6. 



CHAPTER 3 

PURPOSE AND SCOPE 

This study covers the development of a porous 

model and experimental equipment for the purpose of 

studying some of the relationships involved in partially 

saturated flow. The models developed are made of silica 

sand grains cemented together with epoxy resin. The 

advantages of such models are: 

(1) The column is self supporting and does not 

require a containing tube for support. The problem of 

air escaping from the column during changing flow 

situations is reduced and a solid boundary on the surface 

is replaced by a boundary of air. 

(2) The column is relatively permanent. It is 

inert and its properties remain constant. Identical tests 

can be performed repeatedly on the same sample. 

(3) The column can be molded into any desired 

shape for which a suitable mold can be built. 

(4) Water can be allowed to impinge or fall on 

the column without disturbing it. 

Models using four different sizes of sand were 

prepared. 

21 
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Three relationships for the porous models 

relative to partially saturated flow which were studied 

are as follows: 

(1) Capillary pressure versus saturation on the 

drainage cycle 

(2) Capillary pressure versus distance above 

bottom of column in a column drained from an initially 

saturated condition 

(3) Partially saturated permeability versus 

capillary pressure. 

A simplified model of the porous medium was 

considered and several relationships were studied and 

compared with data from the porous models. 



CHAPTER 4 

PREPARATION OF MODELS 

The porous models were made of two items, silica 

sand and epoxy resin. It was considered desirable to use 

the minimum amount of epoxy resin necessary to provide 

the required structural strength. The sand used is 

distributed commercially under the trade name of "Crystal 

White" by Crystal Silica Company of Oceanside, California. 

Four different sizes of sand were considered: Number 30, 

Number 20, Number 16, and Number 12. These numbers are 

the seller's designation. The grain size distribution 

curves for the four different sands are shown in Figure 9« 

The epoxy resin used was chosen after trying 

several different resins. One requirement for the resin 

soon became evident and that was the characteristic of not 

being affected by water. Also the resin selected did not 

contain a filler. This was desirable because the less 

viscous the resin was, the easier it was to mix with the 

sand and the thinner would be the film of resin around 

each of the sand grains. The resin used met these re

quirements and is sold under the name of CIBA - Araldite 

502 Batch 599. The hardener used with the resin was 

CIBA - Hardener 951 Batch 152. The ratio of Araldite to 

23 
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hardener was 10 to 1 by weight. In order to arrive at 

the amount of resin needed to provide the necessary-

structural strength, a trial and error procedure was used. 

It was found that using one gram of resin for each twenty-

five grams of sand would provide about the minimum amount 

of resin needed for sufficient structural strength of the 

columns. 

The models consisted of three types. The columns 

used for the vertical flow experiments were 1 inch in 

diameter and 35 inches in length. Models used for 

determining the relationship between degree of saturation 

and capillary pressure were uncased and were 1 inch in 

diameter and 1 inch in length. The models used to 

determine the low head capillary rise for each material 

were also 1 inch in diameter and 1 inch in length. 

These models were encased in a Plexiglas tube, 1 inch in 

diameter (inside) and 2 inches in length. 

The material for the different types of models 

for each size of sand came from the same batch of sand 

and epoxy resin. A sufficient amount of sand was weighed 

and placed in a disposable cardboard paint mixing bucket. 

Appropriate amounts of resin and hardener were weighed 

and mixed. The mixture of resin and hardener was then 

gradually mixed with the sand by stirring the sand with 

a wooden paddle as the resin was very slowly poured into 
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the bucket. The mixture was then stirred with the paddle 

until the whole mixture appeared to be uniform. At this 

point the mixture had the appearance and behavior of moist 

sand. 

The first models to be poured were the long 

columns® Three columns were made for each size of 

material. The columns were poured in cardboard tubes, 1 

inch in diameter (inside) and 36 inches in length. A 

wooden member was machined, forming a projection of 1 inch 

in length and a diameter of slightly less than 1 inch. A 

piece of cardboard was taped to one end of the tube. 

Material was dropped into the tube, three teaspoonsful at 

a time. The tube was lifted and tapped twenty times on 

the floor. When material reached the top or open end of 

the column, the wooden member was used to force as much 

material into the tube as possible. The machined projec

tion on the wooden member made it possible to make the 

columns 35 inches in length. The columns were then 

weighed and the density of the columns in terms of moist 

sand was determined. The density of the three columns 

for each material was consistent. The average density of 

the three columns was used to determine the amount of 

material for the other two types of models. After 

weighing, the cardboard tubes were placed in an upright 

position and allowed to remain in this position until the 
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columns had hardened. It was found that the cardboard 

tubes could be removed safely 4-8 hours after molding. 

Twelve models were made for each size material 

for the determination of degree of saturation versus 

capillary pressure relationships. The same type of 

cardboard tube that was used on the columns was used for 

these models. The tubes were cut and sanded to a length 

of 2 inches. Enough material was weighed to make a model 

1 inch long with the same density as the 35 inch columns. 

This material was forced into the 2 inch cardboard molds 

using the projection on the wooden member. This resulted 

in a sample 1 inch in length. Tha cardboard mold was 

removed at the end of 48 hours. 

The models for determining the low head capillary 

rise were formed in the same manner as the 1 inch models 

previously described, except that only one model was made 

for each size material, and the model was made in a 1 inch 

(inside) diameter Plexiglas tube. The density was con

trolled as before. 

One set of models is shown in Figure 10. 
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Fig. 10. Models Used In Experiments 



CHAPTER 5 

EQUIPMENT 

The equipment used in this study consisted of two 

major items: a capillary cell assembly and a vertical 

flow assembly. The purpose of the capillary cell assembly 

is to establish the saturation versus capillary pressure 

relationship on the drying cycle starting with complete 

saturation, while the purpose of the vertical flow assembly 

is to establish the relationship between permeability and 

capillary pressure under steady state conditions. 

The capillary cells were constructed using Porvic 

as the membrane. The author's attention was drawn to this 

material by observing its use by Dr. Cory at Colorado 

State University. The use of the material is described 

by Scott and Cory (12) and Sedgley and Millington (11). 

This material proved to be very versatile and easy to 

work with. It can be cut with scissors and can be 

cemented to Plexiglas with the same cement used to 

cement Plexiglas components together. 

The capillary cell assembly consisted of nine 

capillary cells, a manifold, and a constant head 

reservoir. One cell is shown in Figure 11 and the 

capillary cell assembly is shown in Figure 12. 

29 
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Fig. 11. Schematic Diagram of Capillary Cell 



31 

Fig. 12 Capillary Cell Assembly 
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The vertical flow assembly consists of three 

major components: the tensiometers, the constant head 

reservoir, and the orifice tube. The tensiometers were 

constructed by cementing a strip of Porvic around the 

inside of a piece of 1 inch (inside) diameter Plexiglas 

tube 5/4 inch in length. The tube was cut in thirds, 

each third being one third of a circle. The tube was 

machined prior to cutting into thirds to accommodate the 

1 inch diameter model and thickness of the Porvic. An 

annular ring was machined on the interior of the section 

to facilitate distribution of water. A schematic diagram 

of a tensiometer is shown in Figure 13 and several 

tensiometers are shown in Figure 14. The constant head 

reservoir consisted of three tubes as shown in Figure 15. 

The largest diameter tube was used as the supply reser

voir. The 2 inch (inside) diameter tube was used when 

the larger supply reservoir was being refilled. The 

three tubes were interconnected so that flow could be 

switched from one tube to another with no change in 

head. The orifices were constructed by drilling a very 

fine hole in a small plate of Plexiglas. A short piece 

of 1 inch tubing was cemented to one side of the plate 

while a longer piece of 1 inch tubing was cemented to 

the other side of the plate. The short piece of 1 inch 

tubing was machined for a portion of its length to 
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Fig. 13. Schematic Diagram of Tensiometer 



Pig. 14. Tensiometers 



FigB 15. Gonstant Head Reservoir 



accommodate the top of the porous column. The orifice 

column is shown schematically in Figure 16 and several 

orifice columns are shown in Figure 17. The design of 

an orifice column which would deliver a constant rate of 

flow to the top of the column was arrived at after a 

trial and error process. The entire vertical flow 

assembly is shown in Figure 18. 
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Fig, 16. Schematic Diagram of Orifice Column 
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Fig. 18. Vertical Flow Assembly 



CHAPTER 6 

EXPERIMENTAL PROCEDURE 

The experimental procedures were designed to give 

three types of data; the relationship between capillary 

pressure and saturation, the pressure distribution in a 

drained column, and the relationship between partially 

saturated permeability and capillary pressure. 

The capillary cell assembly was used to determine 

the relationship between capillary pressure and satur

ation. This relationship was obtained for the drying 

cycle starting with saturation and using a static exper

iment. The models 1 inch in diameter and 1 inch in 

length were used. There are nine capillary cells on the 

assembly and nine models were used at one time, thus 

obtaining nine points on the curve simultaneously. 

After the models were molded and the cardboard 

molds removed, the properties of the models were obtained. 

The average diameter of each model was obtained by 

measuring the diameter at six points on each model with a 

micrometer. The length of the model was also measured 

with a micrometer. The volume of each model was then 

computed. The void ratio, porosity, unit weight, and 

the amount of moisture required for a saturation of 100% 
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were then computed for the individual models. 

The samples were placed in a container with a 

shallow layer of water in the bottom of the container and 

allowed to take up water by capillary action. The models 

were then placed in a Plexiglas tube and covered with 

distilled water and then subjected to a vacuum, using an 

aspirator. The capillary cells were placed at different 

elevations, and the saturated models then placed on the 

cells. Two layers of paper toweling were placed between 

the model and the Porvic. The paper toweling was used to 

insure a contact between the model and the Porvic. A 

100 gram weight was placed on top of the model, and then 

a jar was placed over the model and cell to prevent 

evaporation. The constant head reservoir maintained a 

constant capillary pressure on each cell. The capillary 

pressure was measured from the free water surface of the 

center column as shown on Figure 19o The constant head 

reservoir replaced water in the center column as it was 

evaporated. 

It was found that on the drainage cycle 24 hours 

was adequate time for equilibrium to be reached between 

moisture content and the applied capillary pressure. 

After removing the models from the cells they were placed 

in moisture cans and then weighed on an analytical 
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Fig. 19. Determination of hp Using Capillary Cell 
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balance. The percentage of saturation was then 

determinedo 

The models were then saturated again and replaced 

on the capillary cells. The models were placed on 

different cells than they were in the previous set-up. 

The procedure was repeated until three sets of data were 

obtained. The three sets of data were then plotted on 

one plot and a best fit curve drawn through the plotted 

points by eye0 

The low head capillary data were obtained by 

using the 1 inch diameter by 1 inch in length model, 

molded in the 1 inch diameter by 1 inch in length 

Plexiglas tube. This model was used in connection with 

the constant head reservoir tube on the capillary cell 

assembly as shown in Figure 20. 

The flow characteristics for the vertical columns 

were obtained by using the vertical flow assembly. The 

models used for this experiment were the columns of 1 

inch in diameter and 35 inches in length. The tubes were 

saturated by placing the column in a Plexiglas tube 

filled with water several inches longer than the column. 

The tube was subjected to a vacuum by using an aspirator. 

After saturation the tube was placed in a 

horizontal position and the excess water was removed. 

The column was removed from the Plexiglas tube with care 
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taken to keep the column horizontal. The column was then, 

placed on the column holding "bar always keeping the column 

horizontal. An orifice tube was selected and the orifice 

tube was placed in a vertical position at about the height 

it would be on the column. The orifice tube was held in 

this position by clamping it to a ring stand. The orifice 

tube was connected to the constant head reservoir by a 

Tygon tube and flow started through the orifice„ 

The column was placed in a vertical position and 

the orifice tube immediately placed on the column and 

flow started through the column. The column holding bar 

was then secured in position with, nuts and bolts. The 

column was then firmly held vertically in place with flow 

established through the column., The bottom of the tube 

was placed in a Plexiglas tube base which maintained the 

depth of water in this base at about 1/4 inch. 

The tensiometers were then attached to the 

column.. The tensiometers were attached in pairs, two 

tensiometers at each elevation. Before attaching the 

tensiometers to the column, the tensiometers were filled 

with water and then tapped to remove any entrapped air. 

The tensiometers were attached to the columns by wrapping 

them with several turns of soft metal wire. The manometer 

tubes for the tensiometers were placed in their proper 

position on the pegboard backboard. A centimeter scale 



46 

was attached to each manometer tube with the zero of each 

scale on each manometer tube positioned at the elevation 

of the center of the corresponding tensioirieter. 

After all the tensiometers had been attached and 

manometer scales positioned, pans of water placed on the 

platform and a thermometer was placed, hanging it on the 

backboard in the region of the upper half of the column 

and to one side, A plastic bag was then placed over the 

entire assembly except the reservoir to create a region 

of constant humidity around the column0 The supply tube 

from the reservoir to the orifice tube passed through a 

hole in the bag. A rubber band around the plastic and 

tube provided a seal- The plastic bag was then taped to 

the bottom of the platform. The sensing element of an 

Electro-Hygrometer was installed through a hole in the 

backboard near the top of the column. It was then 

possible to measure the relative humidity at any time 

inside the plastic bag. The discharge from the column 

was taken from the Plexiglas base through the column in 

a Tygon tube. After the plastic bag was secured with all 

necessary joints sealed it was found that after letting 

the system run overnight the relative humidity would have 

stabilized to a value of between 90% and 100%, It was 

found that the range of relative humidity inside the 
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plastic "bag was from a minimum of about 85% to a high of 

100%. 

Measurements of flow were begun after the 

humidity inside the bag had appeared to stabilize0 

During the period of stabilization the flow rate was 

constant. Measurements were made at periodic intervals. 

Items measured Included rate of flow, capillary pressure 

at each tensiometer, temperature, and relative humidity. 

Measurements were made at periodic intervals until the 

capillary pressure appeared to stabilize or become 

relatively constant for the existing rate of flow. The 

rate of flow was then changed by raising or lowering the 

constant head reservoir by means of the scissors jack. 

Measurements were resumed and continued until the capil

lary pressure readings had become relatively constant for 

the new rate of flow. This procedure was continued until 

the test was stopped. When it was decided to stop the 

test, the flow of water was stopped and the column was 

allowed to drain overnight. The next day capillary 

pressures were measured and the assembly dismantled., 

The vertical flow assembly was also used to 

determine the pressure distribution in a vertical column 

drained from a fully saturated condition. The same 

columns used in the vertical flow experiment were used to 

determine the pressure distribution in the drained 

columns. Each column was saturated as previously 
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described and placed in the assembly with the backboard 

lying horizontally causing the column to be in a hori

zontal position. Tensiometers were installed in this 

position and the plastic b^g placed around the assembly. 

After the tensiometers were installed, the assembly was 

placed upright, placing the column in a vertical position. 

Pans of water were placed on the platform of the assembly 

and the plastic bag taped in place. The column was 

allowed to drain for 24- hours, after which capillary 

pressure readings at various elevations were recorded,, 



CHAPTER 7 

ANALYSIS OF DATA 

Relationship Between Capillary Pressure and Saturation 

Static Experiment - Drainage Cycle 

The relationship between capillary pressure and 

saturation for the drainage cycle was established using 

data from the static experiment and is shown in Figures 

21 through 24. In Figure 24 the data are plotted as 

saturation versus the ratio of &p/yc* where yQ is the 

low head capillary rise in centimeters. The low head 

capillary rise distances are summarized in Table 10 

Table 1. Summary of Low Head Capillary Distances 

Sand 

20 

12 

16 

yc (cm) 

2.5 • 

4.2 

7»5 

12.3 
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Low Head Capillary Rise 

When the low head capillary rise experiment was 

performed it was noticed that the sample appeared to "be 

saturated completely up to the point when the water 

column broke. At the instant the water column broke, the 

water seemed to empty from the sample suddenly. This 

behavior of the sample indicates that up to the point 

where the capillary pressure, h^, reaches the low head 

capillary rise distance, y , the sample remains saturated, 

or at least there is no continuous path of air through 

the sample. When hp reaches yc, further increases in h^ 

will result in large decreases in saturation while for 

values of hp less than yc there iB little decrease in 

saturation with increase in h^o 

Pressure Distribution in a Drained Column 

Consider the curve of h^ versus S as shown in 

Figure 25. This is a hypothetical curve representing the 

drainage cycle. In this cycle negative pressure was 

applied to the water in the porous medium and the 

moisture content came to equilibrium with the applied 

pressureo In the region where h^ exceeds hm there is a 

constant saturation and there is no decrease in saturation 

with further increase in h^o In this region an 



Column 

Fig. 25- Development of Relationship Between y and hp 
For a Column in Static Equilibrium After Draining 

From an Initially Saturated Condition 



56 

increase of capillary pressure does not cause a decrease 

in moisture content° Once h reaches h - capillary 
jr 

pressure itself is not able to renove any additional 

waier0 

Assume a saturated column that is allowed to 

drain a sufficient time before the moisture remaining in 

the colunn to come to equilibrium vdth the forces acting 

on it. The pressure distribution for such a column in 

static equilibrium as predicted from the £-h curve is 

shown in Figure 25o The capillary pressure in the 

drained column reaches a maxiruum constant value above a 

certain heightD Above this height, because the capillary 

pressure is constant, it can be concluded that the 

saturation is also constant. If the capillary pressure 

acting on art element of water in the column is increased, 

the saburation will decrease to a certain limiting value. 

Capillary pressure can reduce moisture content to a 

certain minimum value and no further. In a drained 

column the moisture content will reduce to this :ainimum 

value in the upper portion of the colunn and in the same 

region the capillary pressure reaches a certain maximum 

value of h 0 m 

Predicted pressure distribution curves for 

drained 35 inch columns made of sands 1G rand 20 are 

shown in Figures 26 and 27° The data from experiments 
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in which, fully saturated columns were allowed to drain 

are plotted on the same figures with good agreement shown 

between predicted pressure distributions and the measured 

capillary pressures. 

The drained columns represented by the data 

plotted in Figures 26 and 27 have a constant capillary 

pressure above the point where y is equal to hm« The 

capillary pressure indicates that there is a gradient of 

1 in this portion of the columns. Since the columns are 

in static equilibrium, there is no flow. 

In the upper portion of the column where the 

tensiometers indicate a region of constant pressure, 

it la concluded that the pore water separated into 

separate or discrete particles of water. Once the 

capillary pressure applied to the water reached the value 

°f v thfi pressure in the water could not be increased 

to a greater value. The conclusion that once the applied 

negative pressure reaches or exceeds hm, the pore water 

is no longer a continuous film of water and consequently 

unable to transmit a greater pressure than hm, is 

substantiated by the experiment described in Appendix B. 

In this experiment, a sample of the type used on the 

capillary cell apparatus was subjected to various 

magnitudes of capillary pressure and the pressure in the 
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the pore water in the sample measured by a tensiometer 

attached to the sample. As long as the applied negative 

pressure was less than h^, the measured pressure would 

equal the applied pressure. If the applied pressure 

exceeded hm, the measured pressure would equal hm. A plot 

of measured pore water pressure versus applied capillary 

pressure for sand Number 20 is shown in Figure 28. 

Capillary Pressure Versus Partially Saturated Permeability 

The data resulting from the vertical flow experi

ment conducted on a column constructed of Number 20 sand 

are plotted in Figure 29. For each rate of flow, the 

constant values of capillary pressure in the upper 

portion of the column are plotted against values of 

partially saturated permeability. A plot of pressure 

versus elevation for a certain rate of flow is shown in 

Figure 30. The plot of capillary pressure versus 

partially saturated permeability indicates a linear rela

tionship on the semi-log plot. A straight line drawn 

through the plotted points indicates a value of q 

(partially saturated permeability) of 0.148 mm per second 

for a value of h^ => 0. The saturated permeability of 

this material was determined to be 0.137 mm per second 

as shown on Figure 31• The value of q corresponding to 

a value of h = 0 as determined from the vertical flow 
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data is essentially equal to the saturated permeability. 

Simplified Model of Porous Media 

Another relationship can be developed from the 

vertical flow data. Consider a model chosen to simulate 

the porous medium composed of two longitudinal surfaces 

attached together along one edge as shown in Figure 32. 

The distance between the plates is equal to an indicative 

diameter. The indicative diameter is the diameter of a 

spherical bubble that would produce the same capillary 

pressure as that indicated by the capillary pressure-

saturation curve for a given porous medium. An indica

tive pore size distribution can be obtained by computing 

an indicative diameter for each value of h^ on the h^ -

saturation curve for a sample and then plotting indica

tive diameter versus percent finer than a given diameter. 

The assumption is made that, for a given degree of 

saturation, the same percent of area has an indicative 

diameter equal to or smaller than the corresponding 

indicative diameter for that particular degree of satura

tion. The indicative pore size distributions are listed 

in Table 2 and are plotted in Figure 33 along with the 

grain size distribution curves for the different sands. 

The shaded area next to the edge or vertex of 

the model, as shown in Figure 32, represents area 
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occupied by water that cannot be removed by capillary 

pressure and is assumed not to flow. This is considered 

to be dead void space which is not available as flow 

space. Computations applied to the construction of a 

curve of h versus AR (defined on Figure 32) for a 
sr 

model made of sand Number 20 are shown in Table 4-. 

The curve resulting from these computations is shown in 

Figure 34-. Computations relating q (mm/sec) to AR are 

shown in Table 5 for a column of sand Number 20. The 

results of the computations are plotted in Figure 35 • 

The ordinate q is plotted to arithmetic scale while the 

quantity AR is plotted to logarithmic scale. The 

plotted points result in two straight lines intersecting 

at a value of AR corresponding to a value of y or the 
v 

value of the low head capillary rise. The value of AR 

which represents the maximum effective AR for a model 

constructed of sand Number 20 is estimated to be about 

0.075» The value of q for this value of AR taken from 

the semi-logarithmic plot is about 0.13 mm/sec. The 

value of q for hp » 0 from Figure 29 is 0.148 mm/sec. 

The saturated permeability of this material, determined 

as shown in Figure 31 is 0.137 mm/sec. 

It can be concluded from these two relationships, 

determined from the vertical flow data, that the rate of 



2. Relationship Between Saturation 
and Indicative Diameter 

s D 

% cm mm 

95 9.5 0.161 

90 13.5 0.113 

80 16.5 0.093 

70 18.1 0.085 

60 18.5 0.083 

50 18,7 0.082 

40 19o2 0.080 

30 20.4 0.075 

20 22.4 0.068 

8 29.5 0.052 

95 4.0 0.383 

90 7.2 0.213 

80 7.6 0.201 

70 8.0 0.191 

60 8.5 0.180 

50 9.0 0.170 

40 9.8 0.156 

30 lloO 0.137 

20 12.7 0.121 

10 18.3 0.084 



Table 2, Continued 

s h D 

% 
P 

% cm mm 

90 0.84 1.82 

80 3.6 0.425 

70 4.8 0.319 

60 5.25 0.292 

50 5.25 0.292 

40 5.25 0.292 

30 5.4 0.283 

20 5.7 0.269 

8 7.55 0.203 

Table 3- Relationship Between y and 
Indicative Diameter 

Sand yc D 

cm mm 

30 12.3 0.124 

20 7*5 0.204 

16 4.2 0.364 
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Table 4. Computations For Determination of ZAR (Effective) 
Versus Saturation For Sand Ho. 20 

S h S IT R AR ZAR 
P 

% cm mm mm 

10 18.3 0.084 0 

.10 .0512 .00512 

20 12.7 0.121 0.00512 

.10 .0645 ,,00645 

50 lloO 0.137 0.01157 

.10 .0732 .00732 

40 9.8 0.156 0.01889 

,10 .0815 .00815 

50 9.0 0.170 0.02704 

.10 .0875 .00875 

60 8.5 0.180 0.03579 

.10 .0928 .00928 

70 8.0 0.191 0.04507 

olO O0980 *00980 

80 7.6 0.201 0o05487 

.10 d035 .01035 

90 7.2 0.213 0.06522 

.05 .1482 .00741 

95 4o0 0.380 0.07263 
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Table 5. Relationship of q Versus £AR 
For Column Made of Sand No. 20 

hp 
cm 

<1 
mm/sec 

^AR 

10.8 0.406 0.0125 

6.3 0.646 0.0690 

5.2 0.867 0.0710 

3.7 0.940 0.0730 

1.9 1.19 0*0745 

3.8 0.934 0.0728 

8.9 0.564 0.0300 

3.8 0.812 0.0728 

3.1 1.10 0.0734 
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flow per unit gradient at which the value of h is zero 
Jr 

and the rate of flow per unit gradient at which S » 100% 

are the same. As the rate of flow is decreased from this 

value, ̂  increases in the negative direction and satura

tion decreases. Saturation decreases very slowly until 

a value of 2AR corresponding to a value of h near y_ 
P ° 

(low head capillary rise) is reached, then the decrease 

in saturation is large compared to the decrease in q. 

In this region where h > y_ the change in h is large p c p 

compared to the change in q. 



CHAPTER 8 

CONCLUSIONS 

1. The models of porous media constructed of 

sand grains cemented together with epoxy resin performed 

well. The long columns required careful handling to 

avoid breaking and sand grains could be picked or knocked 

from the model if it was not carefully handled. The 

models, however, when handled with reasonable care, 

proved to be relatively permanent. The performance of 

the models demonstrated that construction of uncased 

models by the methods used is a satisfactory technique 

for constructing models for the study of the behavior 

of a fluid in a porous medium under conditions of partial 

saturation0 

2. The experimental equipment developed in this 

study also performed well. The one factor which seemed 

to affect the results more than any other factor was 

evaporation., In order to obtain reliable results using 

tensiometers, careful consideration must be given to 

evaporation. Because the area of the tensiometer is 

usually much greater than the area of the tube used to 

measure the capillary pressure, evaporation from 

tensiometer surfaces can greatly affect the manometer 
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readings used to measure capillary pressure. 

3. The behavior of fluids in the models con

sidered in this study is indicative of the behavior of 

fluids in relatively coarse sands acting under small 

capillary pressures and should not be considered as 

indicative of the behavior of fluids in fine grained 

soils. 

4. The relationship between capillary pressure 

and degree of saturation (drainage cycle) obtained in 

this study agreed, as far as general shape of curve is 

concerned, with published data. The magnitudes of the 

heights of low head capillary rise determined for the 

different samples were approximately equal to the 

magnitudes of the capillary pressure heads corresponding 

to the knee of the curves of degree of saturation 

versus capillary pressure„ The height of low head cap

illary rise indicates the height above the water table 

that a column would remain essentially saturated when 

allowed to drain from an initially saturated condition. 

5. The curve relating capillary pressure to 

degree of saturation provides a means for estimating the 

pressure distribution in a drained column which was 

drained from an initially saturated condition. This 

relationship is shown in Figure 25. The saturation-

capillary pressure curve becomes vertical at a capillary 
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pressure of hm. The capillary pressure in a drained 

column varies from 0 at the water table, linearly to a 

value of hm at a height of hm above the water table. Up 

to a height of hm the capillary pressure head at a point 

equals the height of the point above the water table. 

The capillary pressure above the height hm is constant 

and is equal to hm in head. Above the height hm, where 

h is measured from the water table, the moisture m 7 

content is constant0 In this region of constant moisture 

content and capillary pressure, the water is concluded 

to have broken up into individual or discrete particles0 

60 When water is allowed to impinge on the top 

of a long column at a constant rate and flow downward 
\ 

through the column, the capillary pressure in the upper 

region of the column reaches a constant value as stated 

by Childs and George (4)0 When the rate of flow is in

creased or decreased in steps, each step being allowed to 

reach a steady state condition, the capillary pressure 

when plotted against the log of flux or velocity plots 

as a straight line. The flux or velocity plotted is the 

flux corresponding to a gradient equal to one in the 

upper portion of the column and therefore is equal to 

the partially saturated permeability in that region of 

the column. This relationship was obtained for the case 



where the rat© of flow was increased or decreased in 

steps. This linear relationship on the semi-log plot is 

different from the relationship obtained by Scott and 

Cory (12) for decreasing rates of flow, since their 

results plotted as a straight line on a log-log plot. 

The magnitude of the rate of flow at a zero capillary 

pressure corresponds approximately to the saturated 

permeability. If water is applied to the top of the 

column at a rate equal to or less than the saturated 

permeability, the water will enter the column and flow 

downward with no water standing on top of the column. 

If water is applied to the top of the column at a rate 

greater than the saturated permeability, water will stand 

on the top of the column because this rate of flow 

requires a gradient greater than one. The rate of flow 

corresponding to the saturated permeability is the mini

mum rate of application at which water would begin to 

stand on the surface or is the maximum rate of applica

tion of water to the top of the column for which no water 

would accumulate on top of the column* A rate of rain

fall would have to be equal to or greater than the 
i 

saturated permeability before runoff could occur on a 

coarse grained soil. 

This relationship of capillary pressure versus 
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partially saturated permeability was very difficult to 

obtain. This relationship is limited in usefulness 

because of the hysteresis effect in the relationship 

between capillary pressure and moisture content. A 

relationship between capillary pressure and permeability 

obtained on a cycle of decreasing rate of flow should 

indicate the saturated permeability for a capillary 

pressure of zero. The relationship when obtained on an 

increasing rate of flow cycle should indicate a perme

ability less than the saturated permeability for zero 

capillary pressure because the pore space will not 

completely refill on a cycle of increasing moisture 

content. 



APPENDIX A 

DOVNVARD VERTICAL PLOW STARTING WITH COLUMN AIR-DRY 

In the early phases of this research, vertical 

flow tests were performed on columns, starting with the 

columns in an air-dry condition. Water was applied to 

the top of a column and allowed to run downward through 

the column. It was hoped that vertical flow data could 

be obtained when starting with the column in an air-dry 

condition. 

It soon became apparant that, for the material 

used for the construction of the columns, the vertically 

flowing water did not completely wet the columns. It 

was observed that the exterior of a column would be wet 

in certain areas and dry in other areas. After flow had 

continued for a period of time, a column would be broken 

and the cross section of the column examined to determine 

how much of the cross section had been wettedo A cross 

section would have the appearance of that shown in 

Figure 3*5. A column would be broken in several places 

and the cross sections compared. The wetted areas 

would appear somewhat different at each cross section but 

the general appearance of* each would be similar. Water 
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was applied to one column for a period of time greater 

than a week, hoping that the column cross section would 

become completely wet. After a week, cross sections 

still had the general appearance as shown in Figure 360 

It was decided to abandon the idea of starting 

the vertical flow experiment with the column in an air-

dry condition0 The columns from this point on were 

immersed in water and subjected to a vacuum as previously 

described before starting vertical flow experiments. 

It was found that once a column had been saturated, the 

column would maintain a uniform appearance as far as 

wetting is concerned if the rate of flow was either 

decreasing or increasing. It was concluded that once a 

water film was established throughout the material, the 

vertically flowing water would distribute itself over 

the column cross section. If the column was initially 

dry the vertically flowing water would not distribute 

itself over the column cross section completely and 

therefore the rate of flow per unit area would not be 

known since the cross sectional area wetted by the 

water would not be known. 



//////// indicates wetted area 

Pig, 56. Column Cross Section Showing Typical 
Wetted Area During Downward Vertical Flow 
When Column Was Initially Dry at Start 



APPENDIX B 

AN EXPERIMENT TO DEMONSTRATE THE 

EXISTENCE OP CAPILLARY PRESSURE IN PORE WATER 

A question was raised during the course of the 

research in connection with the use of the capillary 

cell. When a sample (1 inch in diameter by 1 inch in 

length) is placed on a capillary cell and subjected'to a 

constant negative pressure, is the resulting pressure in 

the pore water, after a period of time, equal to the 

constant negative pressure applied by the capillary cell? 

An experiment was designed to demonstrate that 

the pressure in the pore water of the sample was equal 

to the constant negative pressure applied by a capillary 

cella 

A small sample (Number 20 material) of the same 

type that was used in the capillary cell experiment was 

saturated and subjected to a vacuum to remove the air 

from the pore space. A tensiometer was then attached to 

the side of the sample. The tensiometer was also 

attached to a simple manometer. The sample was then 

placed on a capillary cell. The sample, tensiometer, 

and capillary cell were then covered with plastic to 
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prevent evaporation from the sample and the tensiometer» 

The experimental setup is shown in Figure 37• 

After the experiment was assembled, a constant 

negative pressure (h) was maintained on the sample by 

the capillary cell by keeping the control water surface 

at a constant elevation. The water surface elevation in 

the tube connected to the tensiometer was approximately 

at the center of the sample at the start of the test. 

The water in the tube connected to the tensiometer was 

allowed to move under the influence of the difference in 

heads (Ah). The elevation of the water surface in the 

tube was recorded at various time intervals. After the 

water in the tube had reached a constant elevation, the 

experiment was repeated for a different value of applied 

hp. 

The results of this experiment are shown in 

Figure 38 through Figure 42. The data demonstrate 

that water in the tube goes to the same elevation as 

the control water surface elevation as long as the 

applied pressure does not exceed a value of h^ as 

defined by the saturation versus applied capillary 

pressure curve (Figure 25) • This indicates that for this 

region of applied pressure, the measured pressure (h^) is 

equal to the applied pressure (hp). If the applied 

pressure exceeds a magnitude of h^, the measured pressure 



(h^) equals a magnitude of hmo A plot of applied pressure 

versus measured pressure in shown in Figure 28« 
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Fig, 37, Experimental Setup to Demonstrate 
the Existence of Capillary Pressure in Pore Water 
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Fig. 38. Measured Pore Water Pressure Versus Time -
Sand No. 20 

Applied Pressure (hp) « 5-1 cm. of Water 
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Fig. 39. Measured Pore Water Pressure Versus Time - Sand No. 20 

Applied Pressure (kp) =7-5 cm. of Water 
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Fig- 40. Measured Pore Water Pressure Versus Time - Sand No. 20 

Applied Pressure (hp) » 14„9 cm, of Water 
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Pig. 41. Measured Pore Water Pressure Versus Time - Sand No. 20 
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Fig. 42* Measured Pore Water Pressure Versus Time 
Sand No« 20 

Applied Pressure (h^) • 32 cm. of Water 



APPENDIX C 

SUMMARY OF DATA 

Certain data taken during the course of this 

study are listed and plotted in this section. 

Capillary Pressure Versus Saturation 

Data relating degree of saturation to applied 

capillary pressure on the drainage cycle are listed in 

Table 6. These data are plotted in Figure 45 and 

Figure 44, 

Capillary Pressure Versus Partially Saturated Permeability 
t 

Data relating partially saturated permeability to 

measured capillary pressure taken from the vertical flow 

experiment are shown in Figure 29 and in Table 5. 

Detailed data showing the variation of measured capillary 

pressure and rate of flow with time for two points of 

data are shown in Table 7« The location of tensiometers 

on the column are shown in Figure 45. 
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Table 6. Applied Capillary Pressure Versus Saturation 
Data For 2 Oonsecutive Trials 

Sand Cell hp Trial 1 Trial 2 

No, om S S 
% % 

16 

20 

1 3.0 82.7 83.6 

2 17.6 5.8 5.0 

3 5.3 52.6 44.2 

4 25.7 5.6 7.6 

5 - 33.8 7.5 7.5 

6 10.1 7.1 5.3 

7 7.4 7.5 11.0 

8 3.0 83.6 80.8 

9 2.2 85.1 86.1 

1 8.7 53.0 57.2 

2 10 0 3 40.3 39.6 

3 18.4 9.2 8.8 

4 12.7 18.7 21.2 

5 28.2 9.4 8.9 

6 7.2 87.5 85.1 

7 4.7 91.6 91.0 

8 2.5 93.5 91.5 

9 0 97.4 96.3 
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Fig. 43« S versus - Sand No. 16 

Static Experiment - Drainage Cycle 
For 2 Consecutive Trials 
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Fig® 44. S versus - Sand No. 20 

Static Experiment - Drainage Cycle 
For 2 Consecutive Trials 
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Fig. 45. Locations of Tensiometera for Vertical 
Plow Data - Column of Sand No. 20 



Table ?• Vertical Plow Data For Column of Sand No. 20 

Time 
1 2 3 4 5 ̂ 6 7 8 9 10 

time 
m s 

Vol 
cc cm^sec 

point a 

184-0 completed raising reservoir 

1854 1.6 2.4 1.3 1.2 1.2 1.6 2.5 2.5 1.3 1.3 2 34.3 93.2 0.119 

2015 1.6 2.0 1.4 1.7 1.3 1.8 2.0 1.2 1.4 1.5 2 32.2 91.9 0.119 

2052 1.9 2.1 1.8 1.8 1.5 2.0 1.9 1.6 1.8 1.9 2 33.1 92.1 0.119 

2123 1.9 2.1 1.7 1.7 1.6 2.0 1.9 1.5 1.6 1.9 2 35.8 93.9 0.119 

2144 lo9 2.1 1.9 1.8 1.7 2.0 1.9 1.7 1.9 2.0 - 2 34.3 92.8 0.119 

point "b 

installed column in afternoon 

2220 10.1 10.9 10.9 11.0 10.9 10 0 3 10.0 10.8 10.9 10.8 5 6.3 63.8 0.0411 

2258 10.1 11.0 10.9 11.0 10.9 10.2 10.0 10.7 10o9 10.8 5 5.5 63.1 0.0407 

2322 10.1 11.0 10.9 10.9 10.9 10.3 10.1 10.7 10.8 10.7 5 5.7 63.0 0.0406 

vO 
00 
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