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FIELD MEASUREMENTS OF THE INFLUENCE OF ENTRAPPED AIR 
UPON PONDED INFILTRATION RATES 

Jim Constantz and W.N. Herkelrathi 

ABSTRACT 

Field experiments were designed to measure the effects of air entrapment 

in the transmission zone upon infiltration rates in two soils. Infiltratien 

rates were measured using a double-cap infiltrometer, and soil water conteitu 

were measu'ed using time-domain reflectometry(TDR). Carbon dioxide flciing 

was used to reduce the amount of air entrapment in half of the infiltraticn 

experiments. TDR measurements indicated that CO2 in the pore space rapidly 

dissolved Into infiltrating water, resulting in complete water-3aturat!on of 

the transmission zone for experiments preceded by CO2 flooding. For a 

gravelly loam soil as steady infiltration rates were approached, the averaie 

volumetric water content in the top 35 c= of soil, a: measured by TDR. was 

0.38 cm3cm-
3 for control experiments and 0.43 cmlcm•,for CO experiments.  

The average steady infiltration rate was 0.42 cmmin m for the control 

experiments compared to 4.40 cm minl for the C02 experiments. For a sandy 

loam soil as steady infiltration rates were approalhed the average volumetric 

water content In the top 35 cm 2f agil was 0.43 cm ce- for control 

experiments compared to 0.45 cmc€cm_ for CO2 experiments. The average final , 

infiltration rate was 0.07 cm min 1 for the control experiments compared to 

0.36 cm mmn- for the CO2 experiments. These results suggest that at least 

some air resided in open channels or conduits within the soil, reducing the 

effective hydraulic conductivity of the transmission zone well below the 

saturated hydraulic conductivity of the soil.

1Hydrologist and Physicist, repectirelY; U.S. Geological Survey.  
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Researchers have known for more than half a century that air residing in 

=e pore space of soils reduces Infiltration rates(Powers, 1934; Horton, 

Ip0). Soil air influences infiltration through four processes: 1) air 

S:jplacement'out of the transmission zone, 2) air compression below the 

,,,51n3ission zone, 3) air solution-dissOlution within the transmission zone, 

j) and air entrapment or retention within the transmission zone. One or all 

:-these processes can influence infiltration rates, depending on boundary 

=ditios and soil properties. Numerous workers have shown that air 

soWlacement can effect Infiltration rates(e.g., 
Morel-Seytoux, 1973). During 

1:flltration, air is displaced downward in advance of the wetting front(Wilson 

rnd Luthln, 1963), and sometimes, air is displaced upward through the 

:r~lltrating water(Adrian' and' Franzini, 1966). Air compression is extremely 

:=•ortant where an impervious layer or water table exists near the soil " 

3-Aface(Adrian and Franzilni, 1966; jarret and Fritton, 19T8; Linden and Dixon, 

1973; Dixon and Linden, 1972; and Breckenridge, Jarret, and Hoover, 1978).  

14r solution into infiltrating water has been shown to be important when 

.nfiltration continues for an extended period(Bianchi and Haskell, 1966).  

gowever, air entrapment or retention in the .transmission zone always 

Wnfluences the rate of water entry into soils(Christiansen, 1944). During 

!nflltration, air is entrapped orretained in the soil's transmission zone as 

0a;sward flowing water circumvents regions In the air-filled pore space(Bond 

&:d Collis-George, 1981). Air retained in the pore space of the transmission 

:e reduces the volume of water which can enter the soil over a given time 

;erlod. In this study, experiments are designed to minimize the influence of 

air displacement, compression, and solution upon infiltration rates, In order 

to Isolate and measure the influence of air entrapment in the transmission 

=ne upon infiltration.  

A physically based infiltration equation is useful in predicting the 

effects of air in the transmission zone upon infiltration rates. Green and 

Lzpt(1911) derived an equation to describe vertical downward movement of water 

In a soil under ponded conditions. Their equation is based on the assumptions 

that water travels down Into the soil with a sharp wetting front and that the 

transmission zone above the wetting front has a uniform water content. If the 

depth of ponding is h, the Green and Ampt equation can be represented by the 

following expressions
-. K(et)[(h•-*)/z] + Maet)

where I is the infiltration rate, Va t) Is the effective hydraulic 
cncvti zone, is the matric Potential at the condurt"ivity in the trWI32issi~f o ne, wett---ing front, Since K(et) depends 

wetting front, and z Is. the depth to o- the e tti n . ission zone St$ the 

strongly upon the volumetric water content o_ th e etraaie, at 

Infiltration rate can be expected to be strongly influenced by entrapped air 

In the transmission zone. Furthermore, as z becomes large relative to the 

value for h-t., I approaches MCe ), and the Influence of entrapped air upon 

et) can be estimated if the value of at is known.  

Slacl(19T8) suggests that a soil haUs a fillable porosity available to 

Infiltrating water, depending 
on the application rate and Initial soil, 

moisture conditions. This may imply that there Is a single value for Vat) 

for a given infiltration event, but the valu. e would ary somewhat for 

different situations.. As a first approximation, he Indicates that f.or ost 

fine-textured agricultural soils, the volumetric water content of the

5
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transmission zoneet, is about 90% of the saturated volumetric Water 

contento6s. Furthermore, the primary location of air within the pore space 

may strongly influence of the conductivity of the transmission zone. I: air 

resides entirely in dead-end pore spaces, then K(et) remains close to the 

saturated hydraqliC conductivity,K-, of the soil. However, if air blocks 
saurtd ydal . stn fwae deeper ito• 

channels which are continuous conduits for transmission of water 

the soil when filled with water, then K(Ot) is much less than Kse Previous 

results indicate that K(M ) is lower than K3(Bower, 1966). Sased on the 

limited data available which relates infiltration rates to hydraulic 

conductivities, Eower(19 69) concluded that K(et) may range from .4K3 to .6K.*

To reduce the amount of entrapped air during infiltration, CO2 has been 

injected into soils prior to tests. CO2 is readily soluble in water and a 

pretreatment of CO2 often results in complete saturation of the sol. In 

vented laboratory columns, Jarrett and HoO'er(1985) reported at least a 50% 

increase in infiltration rates following CO2 injections. Stephens and 

others(1983a, 1983b) reported large increases in borehole infiltration and 

air-entry permeameter experiment after CO flooding. Furthermore, they found 

that infiltration rates, measured after C92 flooding, corresponded well with 

predicted K. values.

In the present study, the infiltration rate and the volumetric water 

content of the transmission zone were simultaneously measured during a series 

of ponded infiltration experiments in which a pretreatment of CO2 was used 

before half of the experiments. This was accomplished by using covered 

infiltrometers fitted with time-domain reflectometry probes for soil moisture 

content determinations. This experimental technique permitted: 

1) measVrements of the volume of air present in the transmission zone during 

infiltration, 2) measurements of the effect of this air upon infiltration 

rates, and 3) estimates of the reduction in the effective hydraulic

conductivity due to air in the tran smzame• was . =•.  

EXPERI]METAL EQUIPKEIT AND PROCEDURE 

A double-cap infiltrcmeter was used to measure the ponded infiltration 

rates at two field sites. A detailed description of the double-CaP 

infiltrometer is given by Constantz(1983). Essentially, the double-cap 

Iniltrometer(DCI) is a- scaled down double-ring infiltrometer which has a 

permanent drive plate attached 
to the upper rims of two nested cylinders. TbdT.  

DCI is driven about loom into the soil and equal water heads are establishe 

in the inner and outer cylinders using constant-head reservoirs. If equal -: 

heads are carefully maintained, water flow below the outer cylinder inhibits 

radial flow from occuring below the Inner cylinder. The cumulative outflc -Z.  

from the reservoir is recorded as a function of time in order to estimate 

infiltration rates and cumulative infiltraticn.  

Time-domain reflectremetry(TDR) 
was used to measure the volumetric water f 

content In the soil beneath the inner cylinder of the DCI. A detailed s 

description of TDR Is given by 
TOpp and others(19

82). Briefly, TDR measures 

the apparent dielectric constant in the region between a pair of thin metal 

rods which have been Inserted Into the soil. The apparent dielectric cOnSiult 

can be related empirically to 
the soil's volumetric water 

content. In thes 

experiments, a pair of 4Ocm long, 0.3cm diameter stainless steel rods. spaced 
P :.I
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2.5cm apart, were driven 35cm into the soil at the center of each DCI. In 

tlis configuration, the TDR probe measured the average volumetric water 

content in the top 35 cm-of soil. Figure I gives a cross-section of the DCI 

&nd TDR assembly with water ponding on the soil surface( the water supply 

reservoirs are not shown).  

40cm

a 

I 
i 1" "• .  
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figure 1. The double-cap infiltrometer(DCI) 
with the time domain 

reflectometry(VIR) probe inserted 
through the center of the Inner cylinder.  

Soil sites were choosen to avoid 
air compression during the ponded 

Infiltration runs. Two soil sites were selected 
with well drained, highly 

poous structures which lacked 
any signs of erosion due to runoff. 

The water 

*table was deep(>1OU) and there were no impervious 
Layers within Im, of the soil 

surface. The first site was located on 
Monte 3Bel Ridge In the Santa Cruz 

*Koumtain Range of Central California In a mature vineyard on Los Catos 

Gravelly Loam. The soil at Site #1 is disced periodically, leaving the 

surface soil lose and free of vegetation. The second test site was located 
in 

the foothills to the east of Monte 
Bello Ridge supporting native 

oaks and 

sited annual grasses. The soil at Site #2 Is a Diablo Sandy Loam which 

Contained desiccation cracks under 
a cat of dry gra5S at the Initiation of 

tests. Table I gives several pertinent properties determined for both soils.  

;.., ... ..... ...- ... ... .. .
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TABLE 1. SOME PERTINENT PROPERTIES OF THE SOILS AT EACH SITE 

Site 01 Site #2 
Soil Series Los Gatos Diablo 

Porosity .43 .45 

Gravel 188% 

Sand 35$ 62% 

Silt 37% 20% 

Clay 10% 18% 

Class gravelly loam sandy loam 

At both sites, two DC1 units were driven about 10cm into the soil with 

approximately a 2m spacing between the units. To determine the effects of the 

TDR probes upon the infiltration rates, a preliminary infiltration experlnert 

was run before inserting of the probes at each site. The DC1 units were kept 

in place at the same location throughout each series of tests. Prior to each 

test, the soil was permitted to drain back to a specific moisture content 

within t-.03 cm:cm-3 . Infiltration experiments were performed at about one 

week intervals, alternating between runs where a pretreatment of CO2 was used 

and runs where no pretreatment was used. The CO2 was injected through the 

inflow ports on the DCI (with the water manometers plugged) at 1.5 to 2.0 

1/mmn for approximately 25 minutes. During experimental runs, the cumulative 

inflow Into the inner cylinder was recorded after a constant ponding depth of 

10 cm was established. The cumulative infiltration was calculated by 

subtracting the volume of water ponded in the inner cylinder from the 

cumulatfve inflow. The infiltration rate into the soil below the inner 

cylinder was recorded until a constant rate was approached or until the 

reservoir's water supply was exhausted. Tap water was used which had an 

electrical conductivity of .05 mmho of electrical conductivity, derived mainly 

from calcium, magnesifm, and bicarbonate Ions. Tap water was poured Into the 

reservoirs a week before each test, to allow the gases In the water to 

equilibrate with the atmosphere prior to each infiltration run.  

RESULTS AND DISCUSSION 

The use of any infiltrometer represents what has been called Efractiondli 

Owetting infiltrationn(PhilLp, 1983). Fractional wetting Infiltration is 

simply the wetting of only a portion of the soil surfaces; It occurs In 

several natural and man-made situations (drip or furrow irrigation, for 

example). When fractional wetting Infiltration occurs where no air

Impermeable layer existsanear the soil surface, the influence of air 

compression and air displacement are probably negligible compared to the 

Influence of air entrapment. For these experiments, this contention is 

supported by two observations. First, during control runs(no CO2 treatment),h 

air bubbles which were displaced vertically upward after ponding could be 

observed through the clear resin casing of the TDR probes. The volumg of 

displaced air was small, amounting to no more than approximately 5 cm durinS.  

the entire ponded Infiltration period. Second, as CO2 was injected Into the 

soil at 1.5 to 2.0 1 uuin-I, the resulting back-press3ure at the soil surface % 

was only 2 to 3 m of water pressure. These observations Indicate that the", 

soils are extremely permeable to gas flow and do not contain confining layer' 

near the surface. -This suggests that neither air displacement or compressi 0c 
near te sur=-• -

. . . . . . . . ..°, . . . . ..- .
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• retarded inftiltration below the DCI during these experiments.  

As stated in the previous section, a preliminary experiment at each 

"location was run without the TDR probes in place. Comparison of preliminary 

and all subsequent experimental results indicated that insertion of probes 

altered the soil sutticiently to cause the infiltration rates to increase as 

"guch as two or three-fold after probe insertion. However, though the absolute 

-z gagnitudes of the results reported here were increased by probe insertion, the 

the relative magnitude of the control versus CO2 infiltration rates were 

probably not affected.  

V, Originally, It was hoped that the close spacing of the DCI units(-2m) 

tvould reduce the Impact of spatial variability upon the experiments. At Site 

*I, the close spacing resulted in similar infiltration rates and cumulative 

,Infiltration at both locations. However, at Site #2, the Infiltration.  

'%Properties at the two locations were sufficiently different to warrant 

subdividing the site Into a north and south site, Site #211 and Site 02S. At 

Z-site #1, four experiments at each location were combined for analysis of 

tresults, while at Site #2N and Site #2S, six runs at each site were analyzed 

. separately.  
i. Figures 2,3, and 4 show cumulative infiltration versus time for all of 

he experimental runs (except the preliminary runs without TDR) at Sites #1, 

12 '. and #2S, respectively. Examination of all three figures indicates that 

the difterences between control and CO2 experiments are large compared to the 

variability measured within either treatment. For example, Figure 3 shows 

that Site #2N had more than 20 cm of cumulative infiltration after 30 minutes 

"for all of the 002 treatments, while having less than 12 cm of cumulative 

Infiltration for any of the control treatments after the same time duration.  

figures 2 and 4 show similar differences for cumulative infiltration comparing 

the CO2 and control treatment, suggesting that air which is entrapped or 

retained In the transmission zone during ponded infiltration greatly reduces 

water intake over a given time period.  

Table 2 gives the results from all three sites for the CO experiments 

Cmpared to the control experiments. The table lists the Initial and final 

I olumetric water contents, the volume percent of air in the transmission zone, 

and the final inflltratIon rate for each case. As noted in the table, 

experimental runs were always Initiated at nearly the same water content for a 

given site. The final water content in the transmission zone was reduced 

anitnifcantly in the control experiments by air entrapment, while the 

transmission zone was virtually water-saturated during the CO2 experiments.  

Usled on the porosity values reported In Table 1, the gravelly loam soil 

"rtained 12% air(by volume) In the transmission zone at the end of the control 

eeriments. The sandy loam retained 4% air in the transmission zone at the 

1md of the control experiments. The variability of the final water contents 

Seasured for a given experimentitl cqnditiOZ' 
was about the same as the 

PtsolutLon of the TDR (U.005 cm€cm -). Finally, the table gives the final 

Wded infiltration rates for control versus C0 experiments measured at each 

site. The results indicate that 12% air retenion caused about a ten fold

Gecrease in the infiltration rate'measured at Site #I, and 4% air retention 

Caused at least a five-fold decrease in the Infiltration rate measured at Site 
Ia.
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CONTROL VS. C02 FOR SITE al

.3 m . l 1 
TIl• IN nINUEIr

Figure 2. Cumulative infiltration for control runs(solid curves) and for CO2 

runs(dotted curves) at Site #I on a Los Gatos Gravelly Loam.

CONTROL VS. C02 FOR SITE w2N

Figure 3 - Cumulative Lnflutration for control run3(soold curves) and for CO2 

runs(dotted curves) at Site 021 on a Diablo Sandy Loam.
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CONTROL VS. C02 FOR SITE *25

"TUC IN KRIM

Figure 4 - Cumulative infiltration for control runs(solid curves) and for CO2 

runs(doted curves) at Site -2S an a Diablo Sandy Loam.  

TABLE 2. VOLUMETRIC WATER CONTENT, (cm
3cm3)# AIR VOLUME IN THE TRANSMISSION 

ZONE,Y(%), AND FINAL INFILTRATION RATF.S.I,(=/=Ln) FOR CONTROL AND CO2 

RUNS, WH{ERE 11 AND Of. REPRESENT INITIAL- AND FINAL WATER CONTENTS. .

site 1 
Control .0 

.21 t.03 .20t.03 
.38t.005 .43t:.oo5 

12% <0%

Control 
3 

.30t.o3 
••3t. OO5 

$.O 005 

009t.0

,C0' 
3 

31 t.01 
51±. 005 

. 1% 
.IR2±:.08

•si.•te #2•S Control 

3 
.31 t.02 
. 43t.005 

05st.03

3 
.31t..02 
. l5t:.005 

. 15 
.30±.O7

Based on the Green and £mpt model, air in the transmission zone decreases 

the effective hydraulic conductivity In the transmission zone. K(Ot), 

resulting in reductions in Infiltration rates. Since the transmisSi=n zone 

was saturated during the CO experimenfts, K(Ot) for the Co2 exPermentS 

represents a good approximation of Ka for the &oil. Furthermore$ as I

I.  

I I

I

Runs 

Ir 
II 

I
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approached steady state at large values of z, KMet) approached the final value 
for I.. Therefore, the final value for I during the CO2 runs Is a reasonable approximation oa K. and the final value-of I for the control runs is a reasonable approximation of K(et) for these soils. Based on this analysis using the Green and Ampt model, the results of this study indicate that air In the transmission zone caused K(et) to be reduced to about .1K3 for Site fl an: .2K. for Site #2. These differences between K(et) and K. are even greater than those reported by Bower(1966). In addition, since air in the transmission zone reduced K(et) so sharply In these soils, these results icply that at least some air resided In open channels or continuous conduits, rather 
than dead-end pore spaces.  

In conclusion, these experiments demonstrate that using TDR with a DCI unit In conjunction with CO2 injections Is an effective technique for examining the Influence or air in the transmission zone upon ponded infiltration rates. The results indicate that infiltration rates are strongly influenced by air in the transmission zone, and that infiltration models which include a term for hydraulic conductivity should use a value as much as tenfold less than K . Furthermore, if a technique can be developed which controls the volume of air In the soil during infiltration experiments, a 
range.of values for K(et) can be generated near saturation for a given soil.  
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