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ABSTRACT 

Studies to discover methods of reducing evaporation from soils have 

been conducted at Colorado State University since 1956. Results of this research 

have shown that a gravel mulch on a fal low soil surface is the most promising 

method for increasing infiltration of precipitation. 

This paper reports the results of a series of related experiments which, 

heretofore, had been reported only in miscellaneous progress reports. These studies 

have demonstrated conclusively the great potential of gravel mulches for increasing 

soil moisture and recharge to groundwater aquifers. In one experiment, the u~e of 

a gravel mulch 5 em thick, resulted in an additional accumulation of 14 inches of 

water during one year, as compared to that which accumulated under the bare soil. 

The results of this research indicate the need for further studies to 

overcome economic and other difficulties which might be encountered in the practical 

use of gravel mulches. 
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CONSERVATION OF SOIL NATER BY GRAVEL ~1ULCHES l 

2 A. T. Corey and \~. D. Kemper 

BACKGROUND 

Beginning in 1956 and continuing to the present 
time, studies have been conducted at Color ado State 
University on fact ors affecting evaporation from fal­
low soils and on methods of reducing evaporation . 
These studies have been conducted by the Agronomy, 
Civil Engineering, and Agricultural Engineering De­
partments and the U.S. Department of Agricul ture. 
The outcome of this research has been the conviction 
that a gravel mulch on a fallow surface is the most 
promising method for increasing infiltrat ion of pre­
cipitati on. 

Most of the studies of mulches i n the United 
States in recent decades have been concerned with 
plant residues. These are not as effective in re­
ducing evaporation as grave l mulches, because the 
residues themselves absorb water and conduct it up­
ward from the soil. Furthermore , plant residues are 
difficult to maintain at the soil surface, being eas­
ily moved by wind when not anchored in the soil, and 
rapidly decayed when anchored . 

~aintaining cultivated land in a fallow 
condition is another practice for conserving water, 
and this helps in many cases. Ther e is evidence (4), 
however, that present techniques of summer fa l lowing 
i n the Western United States do not a lways result in 
accumulation of substantial quantities of soil water. 

The idea of using a gravel mulch to reduce 
evaporation and increase infiltration is very old . 
There is evidence that the ancient Hebrews employed 

gravel mul ches in the Sinai Desert thousands of years 
ago . Recently, there has been a revival of int erest 
in the ancient idea of gravel mulches at Colorado 
State Universit y and elsewhere . Dr . S. Richards (S) 
at Riverside, California, for example, has investi­
gated the feasibility of placing precast porous 
plates of cemented gr ave l over the soil sur face as a 
method of reducing evaporation. These have the ad­
vantage of not moving during wind stor ms . They also 
facil itate t he control of weeds and other vegetation. 

Mulches have potential for use either i n 
association with crop culture to retain moisture 
within the root zone, or as a device to increase in­
filt ration to a groundwater aquifer under unculti­
vated land. In either case , the big problem with 
this or any other method of conserving water is to 
fi nd a way of accomplishing t he conservation econom­
ically . 

The studies described in this paper have 
previously been reported in a number of progress re­
ports and theses (1, 3, 6) . They are summarized here 
for the purpose of showing the potential benefit 
which might be obtained from future development of 
economical methods for est ablishing and maintaining 
gravel mulches on fallow soils . 

1contribution from the Agricultural Engineering Department and the Agronomy Department . Colorado State 
Uni versity, and the Soil and Water Conservation Research Division, Agricultural Research Service , U.S.D.A. 

2Professor (Agricultural Engineering) , Colorado State University ; and Professor (Soils) , Colorado St ate 
University and Research Soi l Scientist, U.S.D .A., Fort Collins, Col orado, respectively. 



THEORY 

The objective of any method for increasing 
infiltration from precipitation is to facilitate en­
try of water into the soil, while preventing exit of 
water from the surface. A mul ch, therefore, is de­
signed to act as a one-way valve, permitting water to 
pass in a downward direction only. 

No device has been conceived which can prevent 
entirely the exit of water from the soil surface, 
while at the same time permitting it to pass into 
the soil. Water can always move outward into the at­
mosphere by diffusion in the vapor state through any 
space permitting the entry of liquid water. 

Fortunately, the quantity of water that can 
move through the soil by diffusion alone is rela­
tively small. Pressure gradients within the gaseous 
phase, necessary to produce substantial convection 
of vapor, are typically not present for more than a 
few millimeters beneath the soil surface. Conse­
quently, the transport of a substantial amount of 
water from beneath the soil surface depends upon the 
existence of bulk flow of liquid water in response 
to a gradient of hydraulic head. 

The physics of bulk flow of liquid in porous 
media has been discussed adequat ely in numerous pub­
lications including the CSU Hydrology Papers 3, 7, 9 
and 17. The following discussion is provided to help 
the reader visualize the function of a gravel mulch 
without reference to other literature . 

Bulk flo~o• of liquid proceeds according to 
Darcy's law, that is, the volume flux of liquid is 
pr oportional to the gradient of hydraulic head, and 
if the soil is isotropic, the maximum component of 
flux is in the direction of the negative gradient of 
head. The coefficient of proportionality is a func­
tion of the geometry of the pore space and the volume 
fraction of the pore space occupied by liquid, as 
we 11 as the viscosity and specific weight of the 
water so l ution. 

The volume fraction of the pore space occupied 
by liquid is called "saturation" and this depends 
upon the "capillary pressure" of the liquid-air in­
terfaces . Capillary pressure Pc is defined as the 
difference between the pressure of the air Pa and 
the pressure of the liquid p1 at points on the 
interfaces , that is, 

( 1) 

Capil lary pressure depends upon the s urface tension 
of the water solution and the cu~ature of the inter­
faces according to the relationship 

{2) 

o being the surface tension and r
1 

and r 2 being 
any mutually perpendicular radii of curvature at a 
point on an interface. Interfaces positioned across 
pore spaces of small dimensions have radii of curva­
tures smaller than interfaces in l arge pore spaces, 
and as a consequence, have a greater capillary 
pressure . 
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In soil profiles, the air is practically at 
atmospheric pressure except in entr apped air pockets. 
Consequently. the capi llary pressure can be regarded 
as the negative liquid pressure . \\'hen expressed as 
a head of water, it is often called soil water "ten­
sion" or "suction head" by agronomists. In any case, 
it represents a pressure less than atmospheric. 

l~en the pore space of a soil is occupied 
entirely with liquid, interfaces exist only at the 
soi l surface. and the negative pressure at the sur­
face may be relatively small . If the l iquid pressure 
is reduced relative to the air pressure, a critical 
pressure wi l l be reached at which air penetrates the 
soil and the interfaces retreat to smaller pore 
spaces. The soil, therefore, loses some of its water, 
and the more the l iquid pressure is reduced, the more 
the saturation is reduced. The larger the dimensions 
of the pore space, the smaller will be the negative 
pressure at which desaturation begins; consequent ly 
materials consisting of coarse aggregates desaturate 
at much smaller negative pressures than do finer tex­
tured soils which are not aggregated . 

The reduction of soil saturation is accompanied 
by a reduction in the conductivity of soil for water. 
The reduction in conductivity is relatively much 
greater than the reduction in saturation , because the 
largest pores desaturate first. Materials such as 
grave l desaturate almost completely at very smal l 
negative pressures, the conductivi ty becoming prac­
tically zero . 

14/hen water moves downward in a soil pro file, 
it is possib l e for it to do so at pressures approach­
ing atmospheric, especially near the surface where 
it enters . In order to move upward, however, the 
pressure must become negative at the surface. The 
reason for this is demonstrated by t he following 
considerations: 

by 
The hydraulic head h of soi l water is given 

h = E..... + z 
p g 

(3) 

p being the water pressure, p the water density, 
g the acceleration of gravity, and z the elevation 
above a datum . For vertical flow, the volume of flow 
per uni t area per unit time, q , is given by 

q (4) 

K being the conductivity with dimensions of velocity 
and q and z being positive upward . It is inform­
ative to write equation 4 explicitly for the pressure 
gradient , that is, 

~ = - og ( 1 + t ) (S) 

Note t hat when flow is downward , the pressure 
gradient is numerically smal ler than for upward flow, 
q being negative . The pressure will not increase 
toward the surface unless water is ponded on the sur­
face , but the decrease, if any, wi l l be much less 



than if the flow is upward against gravity. It is 
possible, in fact, for the pressure gradient to be 
zero if the water supply is steady (7) during infil­
tration. 

The result is that water can enter the soil 
pores from above the surface at pressures close to 
atmospheric, but if it moves toward the surface from 
below, the pressure must become substantially nega­
tive . During upward flow, any large pores at the 
surface will be desaturated and the conductivity will 

3 

be reduced. In fact , if gravel is at the surface , 
its conductivity is virtually zero and water trans­
ferred upward through the gravel layer is by vapor 
diffusion only. 

A layer of material at the surface will be a 
poor conductor for upward flow, if most of its pores 
are larger than those of the underlying soil. Such 
a layer could consist of fine sand as well as gravel 
if the underlying material is finer textured than 
the sand. 



EXPERIMENTAL INVESTIGATIONS 

The experiments described in the following 
sections were carried out over a period of more than 
ten years. Rather than attempting to summarize them 
as a single research endeavor, the authors have found 
it convenient to describe the objecti ves and results 
of each phase separately . 

A. Comparison of Surface Treatments 

The first studies were undertaken to compare 
the effect on evaporation of a number of ways of 
treating fallow soil surfaces. This was a laboratory 
study in which loss of water as a function of time 
was measured using two soil types, a clay loam and a 
fine sand . The soils were placed in plastic tubes 
8~ inches long with an I.O. of~ inches. The soils 
were first saturated with water and then placed on a 
turntable in a chamber with controlled temperature, 
humidity, and radiation. The design of the chamber 
and turntable has been described in detail in a the­
sis by R. A. Schleusener (6) . 

Only the tops of the soil columns were 
exposed to radiation . The sides of the columns were 
insul ated by a plastic enclosure and a dead-air space. 
The rate of water l oss as a function of time was de­
termined by periodically weighing the soil columns 
with the exception of one column in which free water 
was maintained at the upper soil surface . In the 
latter case, the evaporation rate was determined by 
periodically weighing a Mariotte-syphon bottle which 
supplied the water at constant head. The evaporation 
rate was used as a measure of the evaporativity of 
the ambient conditions. 

Two soil col umns for each of the two soils 
were provided with the following surface treatments: 

1. Surface made white with chalk 
2. Surface made black with carbon powder 
3. A compacted surface 
4. A compacted layer at a depth of 1 inch 
5. A surface loosened by periodic stirring 
6. A mulch of sawdust, ~ inch thick 
7. A mulch of fine gravel, ~ inch thick 
8. A 10\ solution of Lux detergent, sprayed 

on surface 
9. Control columns with no special treatment 

10. A column with free water maintained at 
soil surface. 

Runs were made using several levels of 
evaporativity as measured by the evaporation from 
the soil with the water table at the surface. 

Results - The differences in evaporation were 
not statistically significant between the several 
runs, except where the surface was covered with the 
mulches. Consequently, the results of only the first 
run are reported, since subsequent runs produced no 
additional information. The accumulated water loss 
for the two soils i s shown as a function of time in 
Figures la and lb, respectively. It appears that for 
the fine sand, there was more spread in the results 
for several of the treatments than was the case for 
the clay loam. In the case of the clay loam, it is 
believed that the differences were not significant 
except for those of the gravel and sawdust mulches. 

In every case, the most effective treatment 
was the gravel mulch , and the next most effective 
was the sawdust mulch. The other treatments, includ­
ing the Lux detergent, produced no substantial reduc­
tion in evaporation. Subsequently, other surfactants• 
(Triton GR-5 and GR-7) were tried on the fine sand. 
Both of these surfactants produced a very substantial 
reduction in evaporation, the larger concentrations 
being even more effective than the gravel mulch alone. 
The results of one of the runs (GR-7 in various con­
centrations) are shown in Figure 2. 

Both of the Triton surfactants are of the 
anionic type, whereas Lux is a non-ionic surfactant. 
Lux probably increases the wettability of the soil 
about as much as it reduces the surface tension of 
the water, and thus has little net effect on capil­
lary retention of water. Triton, however, causes 
the surface layer of soil to l ose its water and, in 
effect, creates a mulch of dry soil at the surface . 

Subsequent experiments with Triton, however, 
showed that periodic wetting of the surface reduced 
the effectiveness of the surfactant. This fact, 
combined with the relative ly high cost for an effec­
tive treatment, made its use for reducing evaporat ion 
impractical under present economic conditions. Con­
sequently, research with the use of surfactants was 
discontinued. 

Compacting the surface or loosening the 
surface by stirring (as in cultivation) seemed to 
have produced little effect on evaporation . The same 
was true for surface coloring. Probably the reason 
that stirring the surface produced little effect on 
evaporation is that the soil surface was not actually 
loosened unless it was already dry, at which time the 
rate of evaporation was very small in any case. 

The sawdust mulch was less effective than the 
gravel mulch and, consequently, i t seemed reasonable 
to concentrate future research on the use of gravel 
mulches. 

B. Design of Gravel ~1ulches 

The objective of this phase of the research 
was to determine the kind of gravel mulch that is 
most suitable under various soil and atmospheric con­
ditions. Because it was desired to control the soil 
and atmospheric variables, the s tudy was conducted 
in a chamber within which temperature, relative hu­
midity, radiation, and to some extent air movement 
were controlled. 

Three soil types were employed, columns of 
which were contained in Lucite cylinders, ~ i nches 
I . D. and~ inches in depth. The soil columns with 
various kinds of gravel mulches were saturated under 
vacuum and t hen al lowed to drain approximately 36 
hours. The samples were then placed on a rotating 
table at equal radii from the axis of rotation. This 
procedure was followed in order to insure that all 
samples du.ring particular runs were subjected to 
identical environmental conditions. 

The environmental conditions were constant 
during a particular run, but were changed from run 

*Manufactured by Rohm and Haas Co., Washington Square, Philadelphia,S, Pa. 

4 



~ 
<( 
0: 
C) 

I 
C/) 
C/) 

0 
...J 

~ 
<( 

~ 

0 

~ 
<( 
...J 
:::> 
~ 
:::> 
u 
~ 

~-------------------,r-----~-------------------------------, 
Fori Collins Cloy La om • Unlreoled 

0 Color- While 
! Color- Block 

~r------+------~------+-------1 
" Stratification - Surface 
• Stratification · t" depth 

Roughen Surface 

200 

100 

a) 

b) 

4 6 

Loveland Fine Sand 

8 10 
TIME - DAYS 

TIME - DAYS 

12 

a Mulch • Sawdust 
-+ Mulch· Grovel 
o Lux - 10% 
o Lux - 100% 
• Free· Water Sur face 

14 16 

Figure 1. Effect of surface treatment on evaporation f rom fal low soil 

5 

18 

18 



600r------,-------r------~--------------------------------------------, 

• 0.01 mllir1 in 1/4" Ioyer 
o 0.1 ml/irf in 1/4: Ioyer • Untreated 

Grovel t GR -7 
Grovel Only • 

o 1.0 ml/irf in 1/4 Ioyer <> 
<> 0. I ml/ iri! in dropped • Free -Water Surface 

Soil : Loveland Fine Sand 
Surfoetont : GR -7 
Note: 0.1 ml/ln2 • 1,41!5 lbs/oere 

0o~~~~2~~~~4E:====~6[:=::=::8t=~~~IO~----_JI2l-----_JI4l-----_JI6l-----_JI8 
TIME- DAYS 

Figure 2. Effect of Triton (GR-7) on evaporation from fallow soil 

to run. The radiation was supplied by infrared lamps. 
The temperature and relative humidity were controlled 
by an air-conditioning unit, and when air-movement 
was used, it was supplied by a b l ower plated to cause 
a horizontal movement of air across the upper sur­
faces of the soi l columns. When t he b lower was used, 
each sample was subjected to the blast from the blow­
er during about l/5 of each rotation of the turntable. 
This situation, therefore, was somewhat analagous to 
gusty wind conditions often existing in nature. The 
wind velocities given in this report are the veloci­
ties of the air as it came from the blower, and are 
the maximum velocities to which the soil sur faces 
were subjected as each column passed di r ect ly through 
the path of the b last from the blower during the ro­
tation of the turntable . 

Loss of moisture was determined by periodically 
weighing the soil columns . The loss of water from 
the co lumns with gravel mulches was compared with that 
from columns not protect ed by mulches . One column for 
each of the three soils was not covered by a mulch. 
A measure of the severity of the evaporating condi­
tions for each run was obtained by measuring the 
evaporation from one column of sand in which the water 
table was maintained at the surface . This was accom­
plished by periodically weighing a Mariotte-syphon 
bottle which supplied water to this sand column under 
constant head. 

Two sets of nine runs each were made . During 
t he first set of nine runs, the grave l mulches varied 

6 

with respect to thickness and with respect to the 
grain size. Three increments of each were used, 
maki ng a total of nine mulches per soil. A uniform 
grain size was used for a ll the mulches during this 
set of runs . During the second set of nine runs , 
the mulches varied with respect to the grain size 
and the uniformity of the grain-size distribution. 
The grain size was characterized by the diameter of 
grain for which SO percent of the material (by 
weight) was smaller. This is designated as the Dso 
size. The uniformity of the grain size was charac­
t erized by the ratio o60;o10 , meaning the ratio 
of diameter of grain for which 60 percent of the 
ma·terial was smaller, to t he diameter of gr ain for 
which 10 percent was smal l er . This is called Hazen 's 
uniformity coefficient u Three increments of 
each variable were employed i n this set of runs also. 
All mulches were one inch thick. For both sets of 
runs, the temperature was constant at 90°F, and the 
relative humidity was constant at 30 percent . 

Each successive run in a set was carried out 
at increasingly severe evaporativity. This was 
brought about by increasing the number of lamps. For 
each level of radiant energy, the wind velocity was 
varied. Three increments of radiation and of wind 
velocity were employed, requiring nine runs for each 
set. 

During each run there were 31 samp l es on the 
turntable. Nine different mulches were provided for 
each of three soil types, plus a single sample with 



no mulch for each soil type, and one sand column with 
the water table at the surface. Tables 1 and 2 des­
cribe t he experimental design in tabular form. 

Note that the grain-size of the mulch is 
expressed as a ratio of median sizes, that is, the 
median size D50 of t he mulch to the median size of 
the soil . This procedure was employed because the 
grain size of the mul~h is t hought to be significant 
mostly in relation to the grain size of the soil. 
The grain-size distribution of the mulches along with 
the grain-size distribution of the soi l s are shown in 
Figure 3. The increments of the several variables 
were chosen to cover the range of greatest practical 
interes t, based on experience from the previous 
experiments. 

The experiments were designed in the manner 
described in order to permit suitable statistical 
analyses of the results, that is , five -variab le 
analyses of variance. In these analyses the depen­
dent variabl e was the amount of moisture conserved 
after a specified period of time, that is, 96 hours. 
The amount of moisture conserved was defined as the 
difference between the moisture lost in 96 hours from 
a soil with a mulch, and that lost f r om the same soil 
without a mulch. 

Results - The two five-variable analyses of 
variance are shown in Tables 3 and 4, respectively . 
Both tables show that all main effects are signifi­
cant. Some of the most significant results are also 
shown graphically in Figure 4. 

TABLE 1. VARIABLES STUDIED DURING RUNS 3-7 AND 9-12 OF 
EXPERIMENTS ON THE EFFECT OF GRAVEL MULCHES 
ON EVAPORATION FROM SOILS 

Variables Studied 

Soils (s) 

Gravel Mulches* 

Thickness (t) 

Increments of Each Variable 

( 1) Loveland fine sand (LFS) 

(2) Greeley loam (GL) 

(3) Port Collins clay loam (FCCL) 

( 1) " inch 
(2) ~ i nch 

(3) 1 inch 

~1edian Size (m) (1) 5 

(050) gravel (2) 20 

(o50) soil (3) 60 

Uniformity (u) 

060 (Hazen ' s uniformi ty 
D10 coefficient) 

Atmospheric Conditions 

Incident Radiation (r) 

(No . of 250-w lamps) 

* 

Wind Velocity (w) 

(Gusty Conditions--no 

velocity 80% of the time) 

Temperature (Const ant) 

Relative Humidity 
(Constant) 

See Figure 3 
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Al l layers uniform; i.e. , passed 
one sieve but retained on next 
size smaller. 

(1) 0 lamps 

(2) 2 lamps 

(3) 4 lamps 
- - - - - - - - - - - - - - -

(1) 0 fps 

(2) 8 fps 

(3) 25 fps 

30% 
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TABLE 2. VARIABLES STUDIED DURING RUNS 14-22 OF EXPERIMENTS ON 
THE EFFECT OF GRAVEL ~tULCHES ON EVAPORATION FROM SOILS 

Variables Studied 

Soils (s) 

Increments of Each Variabl e 

(1) Loveland fine sand (LFS) 

(2) Greeley loam (GL) 

(3) Fort Collins clay loam (PCCL) 

Gravel ~lulches* 

Thickness (t) 

Median Size (rn) 

(050) gravel 

(D50) soi 1 

Uniformity (u) 

D60 (Hazen ' s Uniformity 
D10 Coefficient) 

Atmospheric Conditions 

Incident Radiation (r) 

(No. of 250-w lamps) 

Wind Velocity (w) 

(Gusty Conditions--no 

velocity 80% of the time) 

Temperature (Constant) 

Relative Humidity 
(Constant) 

* See Figure 3 
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All layers--1 inch thick 

(1) 5 

(2) 20 

(3) 60 

( 1) 1. 5 

(2) 3 

(3) 6 

(1) 0 

(2) 2 

(3) 4 

(1) 0 

lamps 

lamps 

lam.ps 

fps 

(2) 10 fps 

(3) 25 fps 

90° F 

- - -

- - - - - - - -
30% 

- - - - .. 

- - - - -

- - - - -

- -



TABLE 3. ANALYSIS OF VARIANCE FOR RUNS 3-7 AND 9-12 OF EXPERHIENTS 
ON THE EFFECT OF GRAVEL MULCHES ON EVAPORATION FROM SOILS 

Source of Variation Degrees of Sum of Squares Mean Square Freedom 

Main effects: 

Soils (s) 2 661,975 330,988** 

Median Size (m) 2 9 , 754 4' 877** 

Thickness (t) 2 98,986 49 ,493** 

Radiation (r) 2 11,228 5, 614** 

Wind Velocity (w) 2 2,675 1,338** 

First order interactions: 

s x m 4 48,401 12,100** 

s X t 4 8,209 2,052** 

s x r 4 34' 162 8 , 540** 

S X W 4 35' 172 81 793** 

m x t 4 13,618 3,404** 

m x r 4 628 157 

m x w 4 13.793 3,888** 

t x r 4 3,305 826"* 

t X W 4 2, 249 562** 

r x w 4 4,625 1,, 156** 

Second order interactions : 

s x m X t 8 1,427 178 

s x m x r 8 751 94 

S X m x w 8 14,920 1,865** 

S X t x r 8 269 34 

S X t X W 8 1, 776 222* 

s x r X W 8 8, 770 1,096** 

m x t x r 8 818 102 

m x t X W 8 2,025 253** 

m x r X W 8 1,120 140 

t x r X W 8 1,149 144 

Third order interactions: 

S X m x t x r 16 838 52 

s x m X t X W 16 1,891 118 

S X m X r x w 16 1,423 89 

S X t x r X W 16 506 32 

m x t x r X W 16 2,399 150 

Fourth order interaction (or error): 

S X m X t X r X W 32 2,592 81 

TOTAL 242 991,454 

* Significant at 95% confidence level 
** Significant at 99\ confidence level 
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TABLE 4. ANALYSIS OF VARIANCE FOR RUNS 14-22 OF EXPERIMENTS ON 
THE EFFECT OF GRAVEL ~IULCHES ON EVAPORATION FROM SOILS 

Source of Variation: Degrees of 
Freedom 

Main effects: 

Soils (s) 

Median Size (m) 

Uniformity Coefficient (u) 

Radiation (r) 

Wind Velocity (w) 

First order interactions: 

s x m 

S X U 

s x r 

S X W 

m xu 

m x r 
m x w 

u x r 
U X W 

r x w 

Second order interactions: 

S X m X U 

s x m x r 

5 X m X W 

S X U X r 

5 X U X W 

5 X r X W 

m x u x r 
m X U X W 

m x r x w 

U X r X W 

Third order interactions : 

5 X m X U X r 
5xmxuxw 

sxmxrxw 

5xuxrxw 

mxuxrxw 

2 

2 

2 

2 

2 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

16 

16 

16 

16 

16 

Fourth order interaction (or error): 

S X m X U X r X W 32 

TOTAL 242 

* Significant at 95% confidence level 
** Significant at 99\ confidence level 

11 

Sum of Squares 

1,993,249 

85,663 

33,627 

39' 275 

3,339 

12,015 

10,500 

43,870 

33,003 

93,710 

1,610 

5,878 

80 

1,144 

25 ,689 

26,212 

3,445 

3,446 

2,405 

543 

25,453 

667 

1,303 

2, 218 

487 

7,475 

3, 724 

4,558 

1,899 

598 

2,709 

2,469' 794 

~lean Square 

996,624** 

42,832** 

16,814** 

19 ,638** 

1,670** 

3,004** 

2,625** 

10,968** 

8,251** 

23 ,428** 

402** 

1,470** 

20 

286* 

6,422** 

3,276** 

431 ** 

431** 

301** 

68 

3, 182** 

83 

163 

277** 

61 

467** 

233** 

285** 

119 

37 

85 



Figure 4a shows the interaction among soils , 
median size, and uniformity. For all three soils, the 
combination of a median size ratio of five and a uni­
formity coefficient of six was very ineffective in 
compar ison to the other mulches. For Greeley loam 
and Fort Collins clay loam, with median size ratios 
of 20 and 60, the uniformity of the gravel layer had 
very little effect on the amount of moisture con­
served. For Loveland fine sand, the same result was 
observed with a median size ratio of 20. For the 
latter soil, the median size ratio of 20 was more 
effective than the median size ratio of 60, especially 
for a coefficient of 1. 5. For the loam and clay loam, 
however, there was little difference between the ef­
fectiveness of the median size ratios of 20 and 60. 

Figure 4b shows the interaction among soils, 
median size, and wind velocity for runs 14-22. For 
the loam and clay loam, the increase of wind velocity 
from 0 to 10 ft/sec caused a reduction in the effec­
tiveness of the mulches, but there was very little 
change in effectiveness as the wind velocity increased 
from 10 to 25 ft/sec. The latter observation was 
true of all median size ratios used. For the loam 
and clay loam, there was little difference between 
the effectiveness of the median size ratios of 20 
and 60, but both were considerably more effective 
than the median size ratio of five. For the fine 
sand, with median size ratios of five and twenty, an 
increase in wind velocity caused an increase in the 
effectiveness of the mulch. For a median size ratio 
of 60, the effectiveness increased as the wind veloc­
ity increased from 0 to 10 ft/sec, and then decreased 
as the wind velocity increased from 10 to 25 ft/sec. 

The interaction among soils, median size, and 
wind velocity for runs 3-7 and 9-12 is shown in Fig­
ure 4c. All the observations previous ly noted al so 
apply to these runs except that with the fine sand 
there was little difference in effectiveness between 
the median size ratios of five and twenty. 

Figure 4d shows the interaction among soils, 
median size, and radiation for runs 14-22. An in­
crease in radiation caused a decrease in the effec­
tiveness of the gravel mulch, regardless of the me­
dian size ratio with the loam and clay loam. With 
these two soils there was little difference between 
the effectiveness of the mulches with median size 
ratios of 20 and 60, but both were considerably more 
effective than the median size ratio of five. With 
the fine sand, an increase in radiation caused an 
increase in the effectiveness of the gravel mulches , 
especially for the median size ratio of twenty. 

The interaction among median size , thickness, 
and wind velocity is shown in Figure 4e. For all 
thicknesses, and for median size ratios of five and 
twenty, wind velocity had very little effect on the 
amount of water conserved. For all thicknesses, and 
for a median size ratio of sixty, there was a marked 
decrease in the effectiveness of the mulches as the 
wind velocity increased from 8 to 25 ft/sec. At a 
wind velocity of 25 ft/sec the mulches with a median 
size ratio of sixty were significantly less effective 
than the other mulches. This effect was most pro­
nounced with a mulch thickness of ~ inch, less pro­
nounced with ~ inch, and still less pronounced with 
a mulch thickness of one inch. 

The interaction among soils, uniformity 
coefficient of the mulch, and radiation is shown in 
Figure 4£. The uniformity coefficient of six was 

12 

least effective for all three soils at all t h ree 
radiation l evels ; this was especially true in the 
case of the fine sand. The uniformity coefficient 
of three was most effective for nearly all soils 
and radiation levels. 

The interaction among soils, mulch thickness, 
and wind velocity is shown in Figure 4g. For all 
soils and wind veloci ties, the relative effect of 
thickness was the same . A substantial increase in 
effectiveness occurred as the thickness was in­
creased from~ to ~ inch, and the effectiveness 
leveled off at about one inch except on the fine 
sand, in which case the mulches consisted of much 
larKer grains. A thicker layer may thus have been 
substantially more effective for the fine sand. 

Figure 4h shows the i nteraction among soils, 
median size, and thickness. For all three soils, 
with a median size ratio of five, the one-inch mulch 
was less effective than the ~-inch mul ch, which is 
hard to explain unless the loss of water from the 
mulches themselves was significant in this case. 
For the fi ne sand, the most effective layer had a 
thickness of one inch and a median size ratio of 
twenty. For the loam and clay loam, however, the 
most effective layer had a thickness of one inch 
and a median size ratio of sixty. 

The ineffectiveness of a gravel mulch with 
a median size ratio of f ive and a uniformity coef­
ficient of six can be explained as follows: Figure 
3 shows that this layer had a considerable amount 
of particles smaller than a significant amount of 
the base soil. It is probable that this fraction 
of the mulch retained its ability to conduct water 
to the surface until a substantial amount of water 
had been lost from the soil below. 

The relative ineffectiveness of the layer 
with a median size ratio of sixty and a uniformity 
coefficient of 1.5 on the fine sand was probably 
due to the fact that the pores of this mulch were 
very large . When wind blows across the surface, 
turbulence and convection can occur within the large 
pores of this mulch. Thus, water can be removed 
from th.is mulch faster than by the diffusion pro­
cess occurring in mulches with smaller pores. The 
median grain-size of this layer was 9 mm or approxi­
mately 1/3 inch. The effect of high wind ve l ocity 
on the mulch with a median size ratio of sixty on 
Loveland fine sand is also shown by Figures 4b and 
4c. 

The increasing effectiveness of the gra.vel 
mulches on the fine sand with increasing radiation 
may at first seem to be an error. However, it may 
be that the increase in radiation had little effect 
on the amount of water evaporated through the mulch­
es, but increased the water loss from the bare soil. 
Thus the difference in loss of moisture may in­
crease with increasing radiation. 

The use of a 96-hour period as a standard 
for measuring the effectiveness of gravel mulches 
may at first seem unreasonable. Most of the loss 
of water from bare soils , however, occurs shortly 
after rains when the soil surface is moist. In 
climates where most of the water is applied by in­
frequent irrigations or heavy rains, bare soils 
accumulate a large portion of the water applied and 
the increase in accumulation as a result of grave l 
mulches is relatively smaller. 
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Short soil columns were adopted for this study 
on the t heory that most of the water lost by evapora­
tion from bare soils is lost from the soi l near the 
surface. Subsequent research, described under Phase 
C of this paper, as well as research reported by 
Gardner and Hanks (2) , indicates, however, that had 
longer columns been employed, the water conserved by 
the gravel mulch would have been substantially 
greater. 

Conclusions - From the observations and 
analyses described in the foregoing , we may conclude 
the fol l owing concerning the characteristics of a 
s~itable gravel mulch for general atmospheric condi­
tlons: 

1. The thickness should exceed ~ inch; but 
except where the mulch necessarily must consist of 
grains l arger than about ~ i nch , the t hickness need 
not exceed about one inch. 

2. The mulch should not contain a substantial 
fraction of grain-sizes that are smaller than the 
larger grains of the underlying soil--at least than 
the larger grains that make up a substantial fraction 
of the underlying soil. In other words, nearly all 
of the pores of the mulch should be lar ger than the 
largest pores of t he soil bel ow. A median-size ra­
tio of approximately t wenty will usually meet this 
requirement. 

3. If i n order to meet requirement No . 2, a 
layer of gravel containing grains larger than about 
~ inch diameter is necessary, the thickness of the 
layer probably should be greater than one i nch. 

C. Influence of Initial Soil Water Conditions 

All of the preceding experiments were carried 
out with relatively short columns containing very 
wet soil at the time evaporation measurements were 
started . The question remained as to whether gravel 
mulches would be equal ly effective if the soil was 
initially at field capacity or some lesser moisture 
content. An additional question remained as to wheth­
er the depth of s oil initially wetted might be a 
fact or . 

This phase of the research was carried out with 
the same laboratory set-up as previously described ex­
cept that in some of the runs , columns of several 
different lengths were employed. The objective was 
to answer the questions mentioned above, these 
answers being necessary to permit an extrapolation of 
the results of laboratory experim'ents to field condi­
tions. ~1u l ches conformed to specifications which the 
previous s tudy indicated would be effective . They 
consisted of a l-inch layer of gravel having a o50 of 0.8 mm and a "u" of 3.0 . 

Initial water concentration - The first set of 
runs. was designed to determine the effect of initial 
water concentration. For these runs, all of the col­
umns were 8~ inches long by 3~ inches I.D. Two soil 
types, a sand and a moderately heavy clay loam, were 
employed. Varying quantities of water were added to 
the soil columns. For each soil type and water con­
tent , there was a column with a bare soil surface, and 
a second column covered wit~ gravel. 

The columns were then placed on a rotating 
turn t ab l e and exposed t o uniform appl icat ions of 
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r adiant energy . The air velocity across t he soil 
surface was about six feet per second. The relative 
humidity and air temperature were hel d at about 30\ 
and 78°F, respectively. Periodic weighings provided 
data on evaporation a.s a function of time. 

The following initial conditions of soil 
moisture were employed: 

1. Vacuum saturation fol l owed by 24-hour 
drainage with zero tension,· i.e. , atmospheric pres­
sure, at the base of the column. 

2. Vacuum saturation followed by 24-hour 
drainage with three feet of water tension at the 
base of the column. 

3 . Vacuum saturation followed by a 24-hour 
drainage with six feet of water tension at the base 
of the column. 

4. An initially saturated column drained 
with air-dried soil at its base for 24 hours, i.e., 
a column at approximately field capacity. 

5. Two inches of water added to the column 
of air-dried soi l. 

6. One inch of water added to the column of 
air-dried soil. 

7. One-half inch of water added to the 
column of air-dried soil. 

The results of the first set of runs are 
presented in Figure 5 . Evidently, evaporation from 
the soil columns covered with gravel was practically 
independent of the starting water condition for the 
period of this experiment, 12 days, the soil surface 
initially being moist in every case. Soil columns 
not covered by gravel lost water much more rapidly 
for the first 3 or 4 days, after which the rate of 
loss was equal to or less than t hat from the columns 
with the mulch . Obvious ly, the greater the beginning 
water content , the greater and more prolonged was the 
initial period of rapid water loss f r om the unpro­
tected soil. These results were not qualitatively 
different for the contrasting soil types. 

Depth of wetted soil - In order to evaluate 
the results of measurements of evaporation from 
short soil columns i n terms of what might be ex­
pected i n the field, it is desirable to unders tand 
the effect of the depth of wetted soil on the bene­
f its from gravel mulches. Soil profiles are ordi­
narily deeper than the length of columns that are 
ordinarily convenient for use in a laboratory. Fre­
quently, soil profiles are wetted throughout their 
depth in the field. For this reason a study of the 
effect of length of wetted column was undertaken. 

In this experiment, the initial water content 
was approximately f ie ld capacity , and the soil was 
sandy loam. Col umns of various length were em­
ployed, and jus t enough water was added to each to 
permit the water to spread to the bottom of the 
column in a period of a few days, the amount having 
been predetermined by trial. The same amount of 
water per weight of dry soil was added to all of the 
columns, and grave l was added to the surface of half 
of the columns of each of three lengths: 3.5, 7.5 , 
and 11 inches . 
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Figure 5. Effect of initial soil water content on 
conser vation of wat er by a gravel mulch 

The columns were placed on the turntable in 
the environmental -control chamber previously men­
tioned. The humidity, air temperature , and radiation 
were mai ntained at constant values such as to produce 
evaporativity comparable to what could be found in 
the field . Periodic weighings provided data on evap­
oration loss as a function of time . The accumulated 
evaporation was expressed as a percent age of the i ni ­
tia l we i ght of water in each soil column. 

Figure 6 shows that t he accumulated 
evaporation, during the firs t 48 hours, increased 
faste r for the bar e soil than for the gravel mulch . 
After t his, t he bar e soi l became dry and the rates 
of evaporation became equal to or less than that from 
the columns with a gravel cover . 

During the initial 48 hours, especially the 
firs t 24 hours, t he rate of evaporation f r om the 
bare columns was vast ly greater than f rom the col ­
umns covered by gravel. Almost 60 percent of the 
t otal water in the 3.5-inch uncovered colum.ns was 
lost by the end of two days. For the 11- inch column, 
nearly 40 percent of the water was lost i n t his time. 
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For the shortest columns , ten days (240 
hours ) had elapsed before the accumulat ed evapora­
tion f r om the mulched columns equaled that from the 
bare soi 1. In the case of the 7. 5-inch columns i t 
was 54 days, and with the 11- inch columns, the 
accumulated evaporation from the mulched columns 
was substantially less than from the bare co lumns 
when the exper i ment was terminated af ter 58 days. 

It would seem that for rainfall distribut ions 
such as those usually occur ring in Eastern Colorado, 
a soil with a gravel mulch could be expected to 
accumulate s ubstantially more water than a bare 
soil. It would be expected, however, that the 
mulch would be relative ly less effective in situa­
tions 1•here only very small rains occur at long in­
tervals of time because most of this water might 
evaporate in spite of the grave l mulch . Also . in 
pl aces where very heavy r ai ns occur at long i nter­
vals , much of the precipi tation might be conserved 
without a mulch . 

Conclusions - The results of the sever al 
laboratory experiment s indicate that gravel mulches 



-0\ 

~ 

~ 
0 

~ 
0 
,.e 
0 

.: 
c 
.2 
~ 
0 
Q. 
0 
> w 

"'0 

" 0 
:; 
E 
:> .., 
u 
<l 

I 
I 

• Gravel Mulch 801 I v • Bare Soil 

3.5" Column 

/ 60 

50 /I 
'! 
J/ 

0 200 
( a ) 

600 800 

40 

20 

0 
0 200 400 600 800 400 

Time in Hours { b ) Time in Hours 

~so~-----r------~-----.-------.------.------.------, 

" 0 
~ 

0 
0 
~ 601 I I ==- 4" I ::J;- --=-- I I 
<f. 
·= c 
~ 
040·~~----+-----~~------4--------r-------+-------+------_, 
~ 
Q. 
0 
> w 

"'0 

" 0 20~----~~------+-------;--------r-------+-
:; 
E 
::> 
u 
u 
<l 

200 400 600 800 1000 
Time in Hours 

o Grovel Mulch 
• Sore Soil 

II" Column 

1200 1400 

Figure 6 . Accumulated evaporation as a function of time from columns of 
sandy soil (of various lengths) initially at field capacity 

o Gravel Mulch 
• Bare Soil 

7.5" Column 

1000 1200 1400 



are a promising method of conservi ng wat er from 
precipitati on . They also indicate what is r equired 
for a satisfactory mulch and under what rainfall 
distributions such a mulch is likely to be effective. 
In order to achieve more or less quantit ative esti ­
mates of t he amount of water that could be conserved 
by mulches under particular field conditions , how­
ever, i t was concluded that field trials would be 
necessary . 

D. Seed Emergence 

A possible use for gravel mulches might be t o 
conserve moisture around seeds to i ncrease germi na­
tion. This possibility was investigated in a pre· 
liminary way and some encouraging qualitative results 
were obtained . 

Using clay loam soil columns and the 
environmental-control equipment previous ly mentioned , 
a study was made of the emergence of sugar beet seed­
lings in mulch-covered soils as compared with the 
emergence in soils having a bare surface. Warm and 
dry conditions prevailed beginning at the time of 
planting. 

Percent of germination as we l l as rate of 
germination seemed to be f avorably affect ed by the 
gravel mulch . There was also a very noticeab l e dif­
ference in emergence. The exposed surface of the 
unmulched columns dried and formed a crust which 
of ten separ ated from t he soil , pulling the roots of 
th~ seedlings out of the soi l be low. The shoots, 
which easi ly emerged through t he grave l mulch, ap­
peared much healthier than the ones which emerged 
through the crust formed on the exposed soil surface . 
These tests were preliminary and there was insuffi­
cient data to justify any statistical or quantita· 
tive treatment of tho results . Investigation in the 
f ield t o evaluat e the effect of narrow bands of gra­
vel or moisture levels under tho bands seemed to be 
desirable . 

E. Retention of Water in Field Soils 

The purpose of this phase of t he research was 
twofol d: First, it was considered necessary to veri· 
fy the conclusions of previous l aborator y studies 
regarding t he ability of t he gravel mul ch to conserve 
moisture in field soils, and secondly, it was desired 
to determine how much of an area at t he soil surface 
surrounding a given point in the soil should be cov­
ered with a band or a small patch of grave l in order 
to conserve a significant quantity of moisture at 
that point . 

The study was conducted at the Colorado State 
University Agronomy Experimental Farm in an area with 
clay loam soil and where the mean annual precipita­
t ion is about 15 inches per year, a substantial per­
cencage of which often occurs as re l atively l ight 
spring and summer rains. The layout of the plots is 
shown in Figure 7. In the spring, the area was 
plowed, disked, dragged and floated to provide a 
reasonably smooth and level surface. The gravel 
layers wer e one inch thick and conformed very closely 
t o specifications which a previous labor atory study 
(Phase B) had indicated would be effect ive. 

A series of rain gages were installed 
around the perimeter of the bench to record all 
rainfall following installation of the pl ots . After 
drying periods of five days or more, gravimetric 
samples wer e taken wi th a t ube-type sampler to de-
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termine differences in water content at various 
depths and positions in both the mulches and fallow 
plots . 

Resul ts - This st udy was carried out over 
two summer seasons . Unfortunately, the rainfall 
records obt ained during the firs t season were not 
signi f icant because of an accident al wetting of the 
plots during irrigation of adjoining farm land. 
All that is significant from the data obtained 
during the first season is the result that at the 
end of the season , the upper three feet of soil 
contained 2. 3 inches mor e water under the mulched 
plot s than under t he fa l low plots . It was also 
observed that the amount of moisture conserved at 
the center of mulched plots was noticeably larger 
than that conserved at the edge of the continuous 
plots. 

More comp l ete dat a were obtai ned from t he 
second season (1963) . Table 5 shows the distribu­
tion of rainfall on the plots during this season. 
Figure 8 shows the moisture status in the soil at 
the end of the study in October. In this figure, 
moisture data taken from under strips of gravel are 
also shown. The strips were of varying widths , t he 
smallest being 2 inches and the widest 12 inches . 
The effect of the widt h of the stri ps was not clear­
ly evident, and insufficient measurements were made 
to examine the data statistically . The measurements 
from all the strip plots, therefore , were averaged 
to obtain the middle curve shown in Figure 8. The 
resul ts indicate that more moisture was retained 
under the strips than i n t he fall ow soil , but not 
as much as under a continuous gravel mulch . 

The quantity of water in the soil beneat h 
the continuous gravel mulch, to a depth of 3 feet, 
exceeded that in the fallow soi l by an amount equiv­
a l ent t o 1. 5 inches , at the time of the l as t sam­
pling i n October. This compares with a 2.3-inch 
difference at the end of the 1962 study . The amount 
of water that can be stored is , of course, limited 
by the unfilled storage capacity of the soil. This 
unfilled storage capacity 1~as substantially greater 
in 1962 due to the fact that the plots had not been 
fa l low preceding the spring of that year . 

Conclusions - Evidently a gravel mulch placed 
on a soil with an unfilled storage capacity can re­
sult in conservation of a substantial quantity of 
water, at l east under t he climatic conditions of 
Eastern Colorado. This assumes t hat the soil is 
maintained free of vegetati on . 

A quantitative estimate of the total amount 
of increased infiltration produced by gravel mulches 
cannot be deduced from these experiments because the 
increase in deep percolation was not measured . The 
total of i ncreased inf iltration , however, is cer­
tainly gr eat er than the incr ease in water stored i n 
the root zone of the soil . This can be deduced from 
the fact that the increase in water stored was sub­
stantially greater when the initial soil moisture 
was the least . 

F. Effect on Total Infilt ration 

A possible use of gr avel mulches is to 
increase recharge to groundwater aquifers by in­
creasing infi ltration from precipitation. In order 
to evaluat e t he effect iveness of grave l mulches for 
this purpose , it is necessary to measure not only 
water retained i n the soi l but a l so wat er t hat may 



KEY 

Plot No. Configuration 

I 2" X 2" Squares 
2 4"x 4" Squares 
3 a" l( a" Squares 
4 12

11
)( 12" Squares 

5 2"Wide Bands 20' Long 
6 4"Wide Bands 20' Long 
7 a" wide Bands 20' Long 
8 12" Wide Bands 20' Long 
9 Follow 

10 Follow 
II Follow 
12 Fallow 
13 Continuous Layer 
14 Coni inuous Layer 
15 Fol low 
16 Follow 
17 Continuous Layer 
18 Continuous Loyer 

PLOT 8 
d 

PLOT 4 

-e-s:rb 
-a-a-~ 

~~~* 
d & Spacing between center lines of bands 

and squares : 2 2" 

ENLARGED VIEW OF TYPICAL PLOTS 
Scale 1" = I 0' 

Figure 7. Plot layout 

TABLE 5. RAINFALL DISTRI BUTION AT SITE OF FIELD STUDIES IN 1963 

May June July August September 
Dat e Amount Date Amount Date Amount Date Amount Amount 

(inches) (inches) (inches) (inches) Date (inches) 

15-16 .06 2- 3 .09 10-11 .08 1- 3 .16 6-8 .14 
18- 19 . 12 9- 10 .50 15- 16 .03 6-8 .35 18-21 .86 
21-25 . 24 13- 18 1. 33 13 .42 

17 .03 
22-23 . 20 
25-26 .89 

31 . 12 
Total for season - 5. 6 inches 
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Figure 8. \~ater content in soil under field plots 
at end of experiment in October 1963 

pass through the soi l by deep percolati on. Further­
more , the measurements should be continued over at 
l east an entire year rather than over a growing sea­
son only. 

It is difficult to determine the amount of 
deep percolation under undisturbed fi e l d conditions. 
For this reason, the experiments undertaken during 
this phase of the research were conducted using soil 
i n cylinders which, however, were p l aced in the field 
under environmental conditions as near as possible 
to those of the natural soil . This phase of the 
research was conducted by the Agronomy Department, 
whereas the other phases were conducted by the Civil 
and Agricultural Engineering Departments . 

Aluminum cylinders 36 inches long and 6 
inches in diameter were constructed and filled with 
soil, except for a gravel layer 5 em thick in the 
bottom, from which free water was extracted as it 
accumulated. Various depths, si:es and colors of 
gravel were placed at the surface, the top of the 
gr~vel layer being about 1 em below the top of the 
cylinder . The cylinders were placed in pits in the 
soil so that the surface of the gravel layers was at 
approximately the same elevation as the surrounding 
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ground surface. The cylinders containing the 
differen~ treatments were removed and weighed at 
l~ast tw1ce weekly, and more often when precipita­
tlon occurred . Two inches of water were applied to 
each cylinder on August 14, ,1966, and again on De­
cember 15, 1967. All the rest of the "rainfall" was 
natural. 

. The quest~on arose as to whether temper ature 
grad1ent s would 1nfluence the evaporation from the 
cylinders. Since the outsides of the aluminum cyl­
~nders we:e exposed to air convection , the gradients 
1n t~e so1l would undoubtedly be different from 
gradients in field soils. To evaluate the tempera­
ture factor, one cylinder was const ructed of l ucite 
with l/8-inch wall thickness, and the sides were 
wrapped with 3 i nches of gl ass-wool insulation en­
closed in waterproof paper . The bott om of t he cyl ­
inder was not insulated and rested on the soil at 
the bottom of the pit. 

The gravel mulches consisted of particles 
ranging in size from 0.4 t o 1 em i n di ameter . The 
red gravel was a crushed red sandst one and t he 
white was a crushed feldspar . The gre; gravel was 
a crushed granitic material characteristic of river 
deposits. Another treatment consist ed of a sand 
mulch. All treatment s were duplicated, and the data 
reported are averages of the dup l icates . 

Results - In Figure 9 , the amount of 
precipi~ation that was retained by the soil, plus 
that wh1ch passed through the soil , is plotted as 
a f unction of time. Four cur ves are shown repre­
senting the accumulation for mulches of 5 em 2 em 
and 1 em thickness, compared with that for a'bare 
soil. Note t hat when 5 em of gravel was placed on 
the soil, approximately 19 of the 23 inches of rain 
was potentially available for r echarge to the gr ound­
water. This is compared t o only about 4 inches 
available for recharge with the bare soil . 

Table 6 shows that when t he mulch was 5 em 
thick, the color of the gravel was of minor impor­
tance . For thinner layers, the white gravel was sub­
s t antia l ly more effective . This was undoubtedly a 
result of t he greater amount of radi ant ener gy re­
f l ected by t he white gravel . The 5 em sand mulch 
was only s l ightly less effective than its gravel 
counterparts, whereas for thinner layer s , it was 
actually more effect ive . Evidently , sand also would 
be an effective material for mulches if it could be 
prevented from blowing. 

Temperature gradients apparently had 
negligible effect on the results of this experiment, 
because the insulated cy l inder with a grey-gravel 
mulch of 2 em thickness accumulated essentially the 
same amount of water as did its counterpart which 
was not insulated. 

Conclusions - The difference in amount of 
water accumulated under the 5 em gravel mulch, com­
pared to that accumulated under the bare soil (14 
inches), demonstrates the great pot ential of such 
mulches for increasing recharge to groundwater aqui­
fers. Under some climatic conditions the potential 
might be less, but under other condi t ions it could 
be even greater. 



AUG SEP OCT NOV OEC JAN FEB MAR APR MAY JUN JUL AUG 
- ---1966 1667--------

3.9 1.0 0.6 0.5 2.1 0.6 0 .2 0.5 2.7 3.4 4.0 3.7 
" Inches of Precipitat ion per Respective Month 

Figure 9. Potential recharge to groundwater as affected 
by gravel mulches on a soil surface 
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TABLE 6. WATER ACCUMULATION OVER THE STUDY PERIOD 
OF AUGUST 14, 1966, TO SEPTEMBER 6, 1967 

Treatment Water Accumulation 
(inches) 

bare soil 4.2 

red gravel 1 em 10. 1 
2 em 13. 9 
5 em 19.0 

white gravel 1 em 12.7 
2 em 17.0 
5 em 19.{) 

grey gravel 1 em 10. 5 
2 em 15.0 
5 em 19.0 

grey gravel 
insulated 2 em 15.0 

grey sand 1 em 11.9 
2 em 13. 7 
5 em 17. 4 
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IMPLICATIONS FOR FUTURE INVESTIGATIONS 

There are several possible ways in which 
gravel mul ches might be employed. One way might be 
to increase the effectiveness of a program of summer 
fallowing, in which case the gravel theoretically 
could be removed during the season of cultivation and 
reapplied for the fallow period. Another possibility 
would be to develop cultivation practices which would 
not interfere with the maintenance of a gravel mulch. 
In either case, the objective would be to retain ad­
ditional water within the root zone of the soil. A 
third possibility would be to employ a gravel mulch 
in narrow bands or other local areas to retain mois­
ture for the germination of seeds. Another poten­
tially extensive possibility is the use of gravel 
mulches on non-agricultural land to increase re­
charge to groundwater aquifers . For each of these 
uses, the grave l mulch would have to be accompanied 
by some program of weed and shrub control. 

It is possible to conceive of many 
difficulties with gravel mulches which might arise 
in use. It might be necessary, for example, to 
develop machinery which would periodically 
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re-establish the mulch after winds or surface runoff 
had misplaced the gravel or after the large pores 
of the gravel had been fil l ed with blowing soil. 

Perhaps the greatest difficulty would be the 
problem of finding economical ways of establishing 
and maintaining a mulch. With soils containing some 
gravel or coarse sand, it might be possible to de­
velop machinery to concentrate the larger particles 
at the surface. 

Noting that the field exp~riments (reported 
under Phase F in this paper) showed a possibility of 
conserving 14 inches of water in a single year by 
use of a gravel mulch, further intensive i nvestiga­
tions are justified. These investigations should 
seek to solve the practical and economic problems 
which would be encountered in the use of gravel 
mulches. It would also be desirable to investigate 
the effects (on the hydrology of fairly extensive 
watersheds) which might be produced by the use of 
gravel mulches. 



BIBLIOGRAPHY 

1. Corey , A. T., et al., Colorado Contributing 
Project to W-32 , Progress Reports Nos. 4 and 5; 
and to W-73, Project Reports Nos. 1, 2, and 3. 

2. Gardner, H. R. , and Hanks, R. J ., Effect of 
sample size and environmental condit ions on 
evaporation of water from soil. Conservation 
Research Report No. 9, AgricultuTal Research 
Service , U.S.O.A., in cooperation with Colorado 
Agricultural Experiment Station. 

3. Kemper, W. 0., Annual Report on Micro-Watershed 
Studies, 1963, 1964, and 1965. 

4. Kuska, J. B., and Mathews, 0. R., Dryland crop 
rotation and tillage experiments , U.S.D.A. Cir. 
No. 979, June 1956, and Mathews, 0. R., Summer 
Fallow at Ardmore, South Dakota, U.S.D.A. Cir. 
No. 213, February 1932. 

23 

5. Richards, S. J., Porous block mulch for 
ornamental plantings, California Agriculture, 
December, 1965. 

6. Schleusener, R. A., Factors affecting 
evaporation from soils in contact with a water 
table . Ph.D. Dissertation, Colorado State Uni­
versity , Fort Coll ins , Colorado, 1958. 

7. Scott , V. H. and Corey, A. T., Pressure 
distribution during steady flow in unsaturated 
sands. Proceedings, Soil Science Society of 
America, 25: 270-274 , 1961. 



Key ltords: Gravel mulc.hes. t-lulch.es, Evaporation. Reduction of evaporation, 
lnfi I tratlon , Groundwater recharge, Recharge to groi.Widvater , 
Infiltration inereue. 

Abstract: Beginning ln l9S6 and continuing to the present ti&-e s tudies 
have been eondueted a t Colorado State University to discover aethods of re­
ducing evaporation froaa soi Is. The out cOliC of this research has been t.he 
c-onviction that a &ravel •ulch on a fal low soil 5urface is the most p~s­
ing 11ethod for inereoslng infiltration of precipitation. 

This paper reports tho results of a series of related experiments 
which , heretofore, had been reported only in misce l lsneous progress reports . 
These studies have, in the opinion of lhe authors, demonstra ted conclusively 
the groat pot ential of' eravol oulches for i ncreasing soil moisture and also 
for Increasing rec:ha1·ge to &roundwater aquifers, In one experi11ent, t he use 
o f a gravel mulch S c11 thick, resulted in an additiona l ac.eUIIIulatlon of 14 
inches o f wat er during a period of one year , c011p ared to that 111hich ae:e:Uftu­
lat ed under t he bare soil. 

The res ults of this research indicate the ne ed for f urther studies 
to ovcrctmc oconoaic and other difficulties wh ich mi ght be encountered in 
the practica l use of gravel IIUlehes. 

Reference: Kemper, w. 0., Mnd Corey , A. T. , Colorado State University, 
llydrol ogy Paper No. 30 (.July 1968) , "Conservat ion of 
Groundllater by Gravel ~lulchos." 

Key Words: Gravel 11\Jiches, Mulches, Evaporation, Reduction of evaporation, 
Infiltration, Groundwater recharge . Recharge to groundwater, 
Infiltration increase. 

Abstract: Beginning in 1956 an.d continuing to the present time studies 
have bee:n conducte-d :tt Color4do State University to discover aethods oE re­
ducing evaporation fr011 soils. The outc.oae of this research has been the 
conviction that a gravel aulch on a fa l low soil su-rface is the -os t pra-is­
ing method for lncrcasinc infiltrltion or precipitat ion. 

This paper reports the results of a series of rela ted experi11enu 
which, heretofore, had been reported only in aiscelJaneous progress reports. 
These studios have, In the opinion of the authors, demonstrated conclusive ly 
the great potential of erevel Dulc.hes for lncre~.sing soi 1 mois ture and also 
for increasiog recharz.e to groundwater aquifers. In one experiment, the use 
of a gravel mulch ~em thick , resulted in an additional ae:cUilulation of 14 
inches of water during a per iod of one year, c.ocaparcd to t.hat .. hic.h ae:cWlu­
lated under the bare soi 1. 

The results of this research indicate the need for f urther studies 
to ovc r eocae econot~ic and other dJ fCiculties which might be encountered in 
the practical use of aravel mulches . 

Reference: Ke11per , If , 0., and Corey , j\. T. , Colorado Stat e Univers i ty . 
llydrology Paper No. 30 (J uly 1968) , "Conservat ion of 
Groundwater by Gravel )..tulchcs . .. 

Key Words: Gravel .ulclaes, llulches, Evaporation, Reduction of ev•poration, 
Infi l trati on, Groundwater r echarge , Recharge to arou.ndwater, 
Infiltration ine:rea.se. 

Abstract: Beginning in 1956 and continuing to the present ti11o studies 
have been conducted at Colorado State University to discover .athod.s of re­
duclna evapor;;a.ti on !rom soils. The outcocae of this research ha.s been the 
convic.tlon that a grave l aulch on a fa l low soil surface is the aost proats .. 
ina ~~ethod for i ncreasing in~ilt ration of precipitat ion. 

This pape r reports the r esults of a 5eri es of related oxporiunts 
which , heretofore , had been reported on ly in mi scellaneous proaress reports. 
These studies have. in t he opinion of t he author s, demonstrated concl usively 
t ho groat potential of gravel mulches for inereasin1 soil 110isture and also 
for incroasins recharge t o groundwater aquifers . In one experi11ent 

1 
the use 

of a gravel 11ul ch S c.m t hick,. resul t ed in an additional aceWJulation of 14 
inches of water during a period of one year, compared to that which accumu­
loted under the bare soil. 

Tho r esul t 5 of this research indicate t he need for further studios 
to overcome econollic and other di fficu lties wh i ch •ight be eneounterod in 
the practical use of gravel mul ches. 

ltefer ence: Kemper. W. 0 . , and Cor ey, A. T., Col orado State UniveHlty , 
Hydrology Papc< !lo. 30 (July 1968), "Conservation of 
Groundwater by Grave l Mulches." 

Key Worcb:: Gra\•el a~lches. Mulches, Evaporation. Reduction of evaporation, 
Infiltration, Growu:!vater recharge, Rechar-ge to eroundwater , 
Infiltration increase. 

Abstract: Beginning in l9S6 and continuinc to the present ti•e studies 
have been conducted at Colorado State University to discover aethocb of re­
du.cina: evaporation fro~~ soils . 11te outccae of this research has been the 
c-onviction that a g-r~vel .ulch on a fallow 5oi 1 suTface is tho .ast prOCils­
tna: aethod for increasing infilt ration of precipl tation. 

This paper reports the results of a series of related oxperl•cnts 
which, heretofore , had been reported only in a i seellaneous progress repor ts. 
These studies have. in t he opinion of the authors, de11onstrated concl usively 
the areat pot ential of gravel 11ulc.hes for increa:dng soil .aisture and also 
for increasing recharge to groundwater aquifers. In one experl11ent, the use 
of a gravel mulch 5 CJl t hick . r esulted in an additional accUIIlul u.tion o£ 14 
inches of ..-ater during a period of one year, compared to that which aecumu ... 
l otod under the bare s oi l. 

The results of t hi s r ·esearch indicate t he need for rurthor studies 
to overco11.e economic and other difficulties which mi1J:h t be encountered in 
the prnc t ic.al use of gravel tnulches. 

Reference : Kemper, tt' . D. , and Corey , A. T., Col orado State Unlver sJty , 
Hydrology Pope< No. 30 (July 1968). "Conservation of 
Groundwater by Gravel •rutches." 



PREVIOUSLY PUBLISHED PAPERS 

Colorado State University Hydrol ogy Papers 

No . 20 "Accuracy of Discharge Determinations, " by W. T. Dickinson , 
June 1967 . 

No . 21 "Water Quality of Mountain Watersheds ," by Samuel H. Kunkle and 
James R. Meiman, June 1967. 

No. 22 "Prediction of Water Yield in High Mountain Wat ersheds Based on 
Physiography ," by Robert W. Julian , Vujica Yevjevich , and Hubert 
J . Morel-Seytoux, August 1967. 

No. 23 "An Objective Approach to Definitions and Investigations of 
Continental Hydrologic Droughts ," by Vujica Yevjevich , August 1967. 

No . 24 "Application of Cross-Spectral Analysis to Hydrologic Time Series ," 
by Ignacio Rodriguez-Iturbe, September 1967. 

No . 25 "An Experimental Rainfall-Runoff Facility ," by W. T . Dickinson, 
M. E. Holland and G. L. Smith, Sept ember 1967. 

No . 26 "The Investigation of Relationship Between Hydrologic Time Series 
and Sunspot Numbers ," by Ignacio Rodriquez-Iturbe and Vujica 
Yevjevich, April 1968 . 

No. 27 "Diffusion of Entrapped Gas from Porous Media," by Kenneth M. 

No. 4 

No . 5 

No . 6 

No. 1 

No. 2 

No. 3 

Adam and Arthur T. Corey , April 1968 . 

Color ado State University Fluid Mechanics Papers 

"Experiment on Wind Generated Waves on the Water Surface of a 
Laboratory Channe l," by E. J . Plate and C. S . Yang, February 1966 . 

"Investigations of the Thermally Stratified Boundary Layer," by 
E. J . Plate and C. W. Lin, February 1966. 

"Atmospheric Diffusion in the Earth ' s Boundary Layer--Diffusion 
in the Vertical Direction and Effects of the Thermal Stratifi­
cation," by Shozo Ito, February 1966. 

Colorado State University Hydraulics Papers 

"Design of Conveyance Channe l s in Alluvi a l Materials," by D. B. 
Simons , March 1966. 

"Diffusion of Slot J ets with Finite Orifice Length- Width Ratios, " 
by V. Yevjevich, March 1966. 

"Dispersion of Mass in Open-Channel Flow, " by Wi l liam W. Sayre, 
February 1968. 


