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A Study of Soil-Filled Synthetic Fabric "Pillows" for Erosion Protection 

Une etude de sacs en matiere synthetic remplis de sable pour la proteetion contre I'erosion 

A medium-scale laboratory model study was performed on a 
new sYhthetic fabric designed to be used as slope pro
tection in the fOhn of soil-filled "sand pillows" . The 
stuqy w~S done to determine the relationships that affect 
the stability of the pil10ws and to determine basic design 
criteria for the protection system. Laboratory tests 
were conducted to determine the soil retention character
istics of the fabric. A field study of the slope protec
tion system was also conducted to determine the erosion 
resistance of the system when placed on an actual embank
ment. 

The results of the model investigation were consolidated 
and analyzed to develop design criteria for the individual 
pillows. The field evaluation of the slope protection 
system was performed by monitoring the erosion of unpro
tected sections of the upstream slope and comparing the 
results with protected sections of the same embankment. 
The results of the laboratory and field evaluation inves
tigation indicate that the sand pillow method offers 
e~cellent slope protection. Design equations also were 
developed. 

I. INTRODUCTION 

The purpose of this study was to analyze a new syn
thetic fabric (Acrilan, which is a registered trademark 
of Monsanto) in the form of sand pillows to be used as 
slope protection for irrigation dams. The project was 
performed in two phases. The first phase of the program 
consisted of an actual installation and evaluation of a 
full scale protection system. Phase two of the program 
was a medium-scale model study of the pillows in a con
trolled laboratory wave tank equipped with a wave 
generating device. 

1. Field Study. The object of the field study 
was to determine the feasibility of placing the bags 
(pillows) with equipment and resources available to a 
typical farmer, to monitor the erosion protection offered 
by the system and to compare the performance of various 
irrigation dams near the project site with the study 
site. The durability and soil retention characteristics 
of the fabric were also evaluated. 

A full-scale field installation was used to evaluate 
the placement requirements and erosion protection offered 
by the sand pillow system. Inspection of several irriga
tion dams near the project site provided information 
regarding the relative performance of the system. Labora
tory tests were performed to evaluate the resistance of 
the fabric to field exposure and to evaluate the resistance 
of the fabric to field exposure and to evaluate the soil 
retention characteristics of the fabric. 

The slope protection system was installed on an 
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operational irrigation reservoir using farm equipment 
available on a typical Missouri farm to handle the soil 
material and to fill the bags. Tractors were used to 
transport the filled bags to the upstream slope of the 
dam and to provide the electric power require to operate 
a hand-held sewing machine used to close the bags. 

The effectiveness of the slope protection system has 
been evaluated by monitoring the performance of test sec
tions on the dam. The fabric slope protection system was 
installed on three sections of the dam subjected to wave 
erosion. The erosion experienced on sections without 
protection was monitored at three locations adjacent to 
the sand pi1low sections. Fourteen profiles within these 
unprotected sections were surveyed at regular intervals. 

2. Model Study. The objectives of the model study 
were to determine the effect of certain wave parameters 
on the stability of the sand pillow slope protection sys
tem, to monitor the erosion resistance offered by the sand 
pillows and to formulate design criteria for the system 
based on soil and local wind conditions. The main wave 
parameters investigated were wave height and wave period. 
The effects of scaling (viscosity effect), wave steepness, 
relative wave runup on the sand pillows and embankment 
slope angle were also investigated. A proposed design 
equation for determining the average weight of the indi
vidual sand pillows to be used on full scale projects 
was established based on the data obtained in this study. 
The design weight of the filled bag is a function of wave 
height, embankment slope angle, soil properties, wave 
period and scaling effects. 
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11. FABRIC TESTING PROGRAM 

A. Resistance To Deterioration 
1. Testing Method. Tensile strength tests were 

performed to evaluate the resistance of the fabric to 
deterioration. The tests were performed after intervals 
of exposure to the environment. The strength of the 
fabric after exposure was compared to the results of 
tensile tests on the original fabric. Two types of 
field exposure were tested. Samples of the fabric were 
obtained from bags that remain exposed to direct sunlight 
and weathering agents. Additional tests were performed 
on fabric samples from bags that remained sUbmerged at 
the normal reservoir level. These tensile tests were 
performed according to the ASTM 25.4 mm (1 inch) Raveled 
Strip Method. The test method is described in ASTM 01682-
64 (reapproved 1970), "Breaking Load and Elongation of 
Textile Fabrics". 

2. Results. These test results indicate that 
the fabric has effectively resisted deterioration during 
the first year of exposure. Statistical analysis (t-test) 
indicates that with less than a 5 percent chance of error 
the tensile strength tests were performed on samples with 
the same mean. 

B. Soil Retention Characteristics of the Fabric 
" 1. Immer'sion Tests. To determine the ability 

of the synthetic fabric to retain its fill material when 
submel"ged repeatedly in water, a dunking apparatus was 
designed and built. This test was designed to simulate 
the constant wave action attack upon prototype sand pil
lows. 

a. Testing Material. Two types of soil were 
used for fill material during the dunking tests. The 
first material tested was a fine grained soil named Mexico 
clay. The second type of soil tested was obtained from 
near Quincy, Il1inois. This soil, herein referred to as 
Quincy loess, is a brown, silty-loessial soil that is 
quite common in that Illinois region. 

2. Soil Loss Results. The measurement of the 
amount of soil lost through the fabric by continued wave 
action was achieved by the use of a laboratory immersion 
device described by Stephenson, et. al. (1980) (1). Twenty 
tests were conducted on the silty clay from the field 
evaluation embankment and thirty tests were conducted on 
loessial soil from Illinois. From the results of these 
tests, the following conclusions were reached: 

1. The amount of soil lost through the fabric is 
directly proportional to the number of immersions. The 
longer the duration of wave pounding, the larger the per
centage of soil that will be lost through the fabric. 
Both types of soil suffered excessive losses when subject 
to long term wave action. 

2. The soil lost during immersion tests was through 
the fabric itself and not through the sand pillow seams. 

3. The amount of vibration of the sand bag during 
testing greatly affected the results of the Quincy loess 
samples, with the greatest amount of vibration causing 
the soil lost to be in excess of 80%. Vibration appeared 
to have little effect on the Mexico clay samples. 

4. The loess samples began losing fines through the 
fabric at particles sizes less than 0.06 mm, while the 
clay samples began losing fines at particles sizes less 
than 0.21 mm. This difference could possibly be attribu
ted to aggregation of the clay particles when initially 
wet sieved through a No. 200 sieve and the subsequent 
separation of the particles during the immersion tests. 
Because of the different results, no conclusion could 
be made as to the maximum particle size that can be fil
tered through the fabric. 

III. FIELD TESTING OF SAND PILLOWS FOR EROSION CONTROL 

A. Introduction 
A field evaluation of the acrylic sand pillow 
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method of slope protection has been conducted on an irri
gation dam near Mexico, Missouri. The slope protection 
system was installed on the upstream slope of an irrigation 
dam where wave erosion was anticipated. The field study 
deals with the feasibility of filling, closing and placing 
the bags with equipment and resources available to a typi
cal farmer. The performance of this slope protection sys
tem has been monitored by means of monitoring cross sec
tions established on the dam. The relative performance of 
the test site was compared to the performance of various 
slope protection systems at several irrigation dams near 
the project site. 

B. Field Evaluation of the Slope Protection System 
1. Introduction. The dam, chosen for this field 

investigation, is "the pump-in irrigation dam owned by ~lr. 
Jack Freyer of Laddonia, Missouri. The dam is located 
19.31 km (12 miles) east of Mexico, Missouri, approximately 
.80 km (1/2 mile) west of U.S. Highway 54. The dam, com
pleted in December of 1976, experienced very little wave 
erosion during 1977. The dam is L-shaped with a total 
crest length of 408.43m (1340 feet) and reaches a maximum 
height of 7.62 m (25 feet) in the north-east corner of the 
reservoir. 

2. Installation cf the Slope Protection System. 
It is essential for the economical utilfzation of this 
slope protection system that a farmer be able to fill, 
close and place the bags with equipment and resources 
available to him. Elaborate equipment capable of filling 
and closing 500 bags per hour, as used on the Corps of 
Engineers Red River levee project, is not practical for a 
small irrigation dam. After some study, it was determined 
that a fertilizer cart used to spread dry fertilizer on 
farm fields could be modified to fill the bags (1)· 

3. In-Situ Monitoring of the Slope Protection 
System. The performance of the sand pillbw protection 
system was monitored by means of surveying test sections 
on the dam. Two sections, 2.86 m (75 feet) in length, 
are located on the north and east upstream slopes of the 
dam. The third section, 13.72 (45 feet) in length, is 
located in the northeast corner of the dam. These sections 
received direct wave attack from the prevailing wind dir
ections south, southwest and west. The sections contain 
evenly spaced profiles that were surveyed at regular inter
vals. 

4. Results. 
~ld Performance on the Slope Protection 

System. The performance of the acrylic fabric slope pro
tection system was analyzed to provide specific data on 
the properties and requirements of this slope protection 
method. This data will facilitate the evaluation of this 
slope protection method as an economical solution to ero
sion control on additional irrigation dams. 

b. Feasibility of Installation of Farm 
Irrigation Dams. The ability to efficiently install this 
method of slope protection on a typical farm irrigation 
reservoir was a major aspect of this study. The time 
and labor required to fill even the relatively small 
number of bags required for a typical irrigation dam would 
be prohibitive without mechanical assistance. Several 
alternate systems were considered as possible methods of 
filling the bags. An auger or conveyor belt was one 
possible means of providing a flow of fill material to 
the bags. 

The system was easily installed by personnel unfamiliar 
with the procedure. Simple instructions and supervision 
enabled high school students to place the bags upon the 
slope in a uniform and consistent manner. This produced 
a competent slope protection system without weak areas. 
Weak portions of typical slope protection systems have 
led to the progressive failure of such systems. The sand 
pillow system conforms easily to the shape of the dam. 
Vertical or horizontal curves present no installation 
difficulties. 
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c. Erosion Resi stance of the Slope Protection 
System. The abil~f the sand PliloW system to res1st 
the erosive forces of wind generated waves has been eval
uated. The test sections were monitored from January, 
1978, until June, 1979, for a total of eighteen months. 
During this period the protected sections of the dam 
have remained unaltered. Figure 1 shows a view of the 
slope protection system during the summer of 1978. The 
sand pillow slope protection system did settle and adjust 
slightly as various natural forces ac ted upon the slope. 
The sand pillow system remained intact during these minor 
disruptions and provided complete protection for the slope. 

In contrast to the protected sections, the unprotec
ted sections showed acute erosion. The rate and amount of 
erosion depends greatly on the time of year. The greatest 
erosion occurred between the months of April and May for 
both 1978 and 1979 which is usually the time of the high
est wind velocities and duration for the year as well as 
the highest water levels in the reservoir. The amount 
of slope deterioration over a 12 month period from April, 
1978, to April, 1979, varied from about 0.3 m to 0.6 m 
(1 to 2 feet). 

IV. MODEL STUDY INVESTIGATIONS OF SAND PILLOWS FOR 
SLOPE PROTECTION 

A. General Model Theory 
Ta evaluate the effectiveness of the various 

slope protection methods, and to determine under what set 
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of conditions these methods were most applicable, the need 
for controlled testing became obvious. Controlled con
ditions were achieved by constructing scaled models of 
the slope and protection materials and simulating natural 
wind waves by forcing wind over water in closed flumes (2) 
or by producing waves genera ted by a paddle (1,i,2,~,L).-

B. Testing Equipment and Procedures 
1. Introduction. A three phase testing program 

was incorporated for this study. The three programs inclu
ded a wave tank model investigation where scaled replicas 
of the sand pillows were tested, a laboratory testing pro
gram where the properties of the synthetic material them
selves were tested, and a field evaluation of the synthetic 
material for use as a slope protection agent was studied 
on a prototype earth embankment constructed just east of 
Mexico, Missouri. The prototype embankment site is located 
in a region where a fine-grained silty clay exists on a 
relatively flat terrain. These three testing programs were 
conducted concurrently such that any correlation that 
exists between them could be quickly and efficiently 
analyzed. 

2. Model Testing Program. 
a. Wave Tank and Wave Generator Description. 

A model study of the protection offered by acrylic sand 
pillows for use as a slope protection method was conducted 
in a laboratory wave tank located in the Engineering 
Research Laboratories building at the University of Missouri
Rolla. This wave tank is a rectangular, steel-framed tank 
that measures 9.75 m (32 ft) lang by 1.07 m (3.5 ft) wide 
by 0.61 m (2 ft) deep. The wave generation device is the 
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flap-type.design consisting of a reinforced plexiglass 
paddle dr1ven by a 1/2 horsepower variable speed drive 
motor. 

b. Testing Material. The soil used for the 
model slope and for the sand pillows' fill material was 
obtained from an earth embankment located in northern 
Missouri. This embankment is part of a field evaluation 
of the sand pillows discussed previously. 

The model sand pillows for the slope protection sys
tem were made of acrylic fabric that is sold under the 
tra~e name of Acrilan. These model bags were made 127 mm 
(5 1n) lo~g by 88.9 mm (3.5 in) wide which represents an 
area scal1ng of 1:6 of the prototype sand pillows. In 
terms of median weights of the slope protection pillows. 
the model scale was approximately 1:200 for average weight 
sand pillows and for similar water contents in model and 
prototype so il . 

c. Testing Procedure. The field soil was 
compacted on a moveable platform that could be oriented 
in varying slopes with respect to the horizontal. This 
was done to allow testing at different slope angles. The 
model soil pillows were then filled with soil and placed 
on the slope. 

After completion of the slope construction, the motor 
speed and paddle eccentricity were adjusted to develop 
the desired wave height. Testing began by supplying 
"seasoning waves". i .e., small waves that might cause 
some settlement and adjustment but no removal of the armor 
units. If none of the sand pillows were displaced after 
approximately 2000 waves had passed over them, the motor 
speed and paddle eccentricity were modified to obtain the 
next higher wave height and the testing continued. 

After the initial seasoning waves, the additional 
waves were allowed to pass over the slope for a longer 
period so that the influence of those parameters on the 
stability of the slope could be determined. 

The increasing of the wave heights continued until a 
wave height was reached that caused excessive removal of 
the sand pillows down the slope. The number of sand pil
lows that had been moved was recorded. The sand pillows 
were removed from the slope and the slope was surveyed 
and photographed. A moisture content was obtained from 
the sU?merged sand pillows and several of the pillows that 
were d1rectly attacked by the waves were used in the deter
mination of the percentage of soil lost through the syn
thetic material due to wave pounding. 

Judgment was required to decide when to change the 
wave height and to determine how much damange was "exces
sive" such that t~e test should be terminated. Generally, 
the test was term1nated after at least six sand pillows 
were totally removed and the remaining submerged pillows 
were being constantly reoriented. This criteria was 
intended to make the testing consistent. 

V. CONCLUSIONS AND APPLICATIONS 

The objectives of this investigation were to evaluate 
the.pe:fo~ances of a fabric slope protection system on 
an 1rr1gat1on dam and to determine the effects of wave 
height, wave period. embankment slope angle and weight 
of the individual armor units have on the pillow. In 
addition, possible design criteria were to be developed 
for filling and placing the pillows on irrigation reser
voirs. These objectives were accomplished by monitoring 
a full-scale installation of the slope protection system 
and by performing a model study of the system in a medium
scale laboratory wave tank. The soil retention character
istics of the fabric were determined by conducting labora
tory immersion tests. 

A. Field Testing Program 
The performance of the sand pillow slope protection 

system on a full-scale installation was monitored in 
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northern Missouri. By comparison of results of unprotec
ted sections of an irrigation embankment with sections 
protected by Acrilan sand pillows fill with on-site mat
erial, the effectiveness of the system was evaluated. 
T~e monitoring program resulted in the following conclu
S10ns: 

1. The fabric pillow erosion control system was 
rapidly and easily placed on a Missouri irrigation dam 
using resources available to the farmer. Weather condi
tions during placement were not a factor and specialized 
personnel or training were not required. 

2. The sand pillow protection system offered excel
lent protection after 18 months of wave and weather 
exposure particuJarly when compared to other erosion 
protection methods on other similar dams. Some of the 
constantly submerged pillows lost much of their fill mat
erial after a few months but when replaced with pillows 
filled with sand, the protection system performed quite 
adequately. 

3. The amount of wave erosion that occurs on an 
earth embankment varies with the time of the year. The 
greatest amount of erosion appears to take place between 
the months of April and May, when wind velocities and 
reservoir levels are generally highest. 

4. The rate of erosion of silty clay embankments 
accelerates, to a certain degree, with time. Wave erosion 
tends to produce unstable vertical cuts on the embankment 
slope which slumps or slides easily when undercut by con
stant wave action. With time, the vertical cuts become 
larger, the instability increases, and the rate of fail
ure increases with relatively small amounts of undercutting 
necessary to cause failure of the cut. 

5. Although the cost of the fabric system is initi
ally high, reduced maintenance costs and other factors 
may, in the future, make this technique attractive com
pared to other methods available to the farmer. 

In addition, the following observations can be made: 
1. Several irrigation dams near the project site 

were inspected. The performance of slope protection 
methods on these dams was evaluated. The natural rock 
materials utilized on these dams lacked adequate size 
material to resist normal wave action. The slope pro
tection systems utilized also lacked the filter gradation 
necessary to retain the clay material used to construct 
the embankment. 

2. The erosion observed on Missouri irrigation res
ervoirs indicates that wind genera ted waves from any dir
ection will significantly deteriorate typical silty clay 
dams. The short fetch lengths associated with irrigation 
reservoirs restrict the size of wave generated, but require 
on1y short duration winds to produce the maximum possible 
wave height. The slopes of these irrigation dams are under 
m~ximum attack more frequently due to waves generated by 
winds from any direction. 

3. The acrylic fabric has not been adversely affected 
by exposure to the environment. After one year of exposure 
the tensile strength of samples taken from the field 
installation has remained equiva1ent to the values obtained 
from the original fabric. 

B. Model Test Program 
Sixteen models were tested in the 9.75 m (32 foot) 

wave tank with the primarily variables in each test being 
the weight of filled sand bags, the slope of the embank
ment, and the height of the genera ted waves. The wave 
heights were progressively increased during the test 
without rebuilding the model unti1 extensive damage, in 
the form of sand pi110w removal and displacement, had 
0ccurred. From each test a zero-damage wave height was 
established by graphical techniques. These wave heights 
were then used to calculate the sand pillow stability. 
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The various relationships that affect the weight of 
the individual sand pillows were experimentally determined. 
From this study the following conclusions were reached: 

1. The amount of soil eroded from between the sand 
pillows was slight compared to the erosion that occurred 
on an unprotected slope. The erosion that did occur 
between the bags is a direct function of embankment slope 
and the weight of the pillow. The amount of erosion 
decreases as the slope angle (a) flattens and the weight 
of the armor increases, to a limiting value of area damage. 
At area damage (DA) equals 0..27, the amount of damage 
appears independent of slope or weight. 

2. For medium-scale models with a Reynolds number 
greater than 3.3 x 10.4, stability is independent of scale. 
However, from previous works it is shown that small- and 
medium-scale model tests are less stable than large-
scale tests, therefore the need for correcting these tests 
to large-scale equivalence exists. A correction factor 
was developed based on the Reynolds number from each test. 

3. Stability of the sand pillows is a direct func
tion of wave period. Stability decreases as wave period 
increases and at a wave steepness (Ho/Lo) less than 0..14, 
a constant minimum value of stability is obtained that 
is relatively independent of wave period. 

4. Stability increases as the embankment slope 
be comes f1atter. The simple mathematical expression used 
to define this effect is: 

NZD = o..6o.5(cot a)o.·249. (1) 

This equation is valid for sand pillows only and is limited 
to slopes in the range of 1.5 ~ cot a ~.6.o.. 

5. A design equation for calculating individual 
sand pil10w weights was established based on data gathered 
from this study. The equation, 

3 HZD Ysat 
W = --..---

50. (N" )3(G -1) 
ZD 5 

(2) 

was based on a previously developed stability equation 
(§.). The stability constants, NZD ' are unique to this 
study and sand pillows, and can be obtained for a given 
slope from Equation 1. The usefulness of this equation 
was shown by comparing the actua1 average weight of the 
sand pillows from a prototype fie1d installation to the 
calculated weight using Equation 2 based on the prototype 
soil and wave characteristics. Equation 2 will give 
conservative values for prototype design because NZD 
is a limiting value with respect to wave period. Details 
of the analysis are presented by Stephenson, et. al. 
(1980.) (l). 
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(§.) 

No.MENCLATURE 

a = angle of embankment slope from horizontal 
Ysat saturated unit weight of soi1 in bag 

Gs specific gravity of soil solids 

Ho = wave height 

HZD = zero damage deepwater wave height 

Lo = wave length 

NZD = minimum zero-damage stability number after correct 

W5o. = weight of median size armor units 
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