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The objective of this study was to evaluate the effect of soil conditioners and man- made erosion control materials on
stabilization of sloping hills using rainfall simulator and small flume facilities. Treatments were man- made erosion
control materials (from polypropylene fabric) and soil conditioners (gypsum and PAM), these treatments were
evaluated on a soil sample with a clay texture taken from a hill having 15 to 30% slopes. Soil surface were subjected
to 3 simulated rainstorm including 25, 50 and 75 mm h™. Runoff and sediment loss rates were determined in different
times for 60 min after initiation of runoff. Man-made erosion control materials were reduced sediment concentration
and runoff intensity between ranges of 4 - 82% and 0 - 8% respectively compared with the bare soil. Also, amending
soil surface with soil conditioners did not reduce runoff significantly compared with the control on steep slopes.
Appli-cation of soil conditioners alone had low efficiency. Whereas application of high levels of conditioners reduced
soil loss to non detectable levels as compared with the control treatment. Obtained results from measurements of
aggregate stability index and mean weight diameter of soil particles, for various amount of soil conditioners also
showed that using these materials with improving soil physical properties, decreasing surface sealing, and

enhancing infiltration rate, will reduce soil loss.
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INTRODUCTION

With rapid growth of population and wide request for
foodstuffs, doubtless in many areas of the world due to
shortage of level lands or lands having little slopes, there
is no option other than cultivation on sloping areas. Evi-
dently cultivation on steep slopes without conservative
managements leads to land degradation. Therefore,
using conservative methods with economical advantages
is so important for approaching to sustainable agriculture
on agricultural sloping lands. But effectiveness and to be
profitable of these methods are unclear yet. Recently,
and especially on steeply sloped hillsides, contractors
have chosen to establish vegetation by broadcasting
seed and covering the seed with a man-made material.
Commercially produced man-made erosion control mate-
rials that are often used include woven or bonded mats
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and blankets composed of biodegradable fibers such as
excelsior (curled wood fiber), wood, jute, straw, coconut,
or a combination of them, and geosynthetic materials
such as polypropylene, polyethylene, nylon and polyvinyl
chloride (PVC) which are known as the rolled erosion
control systems (RECS) (Krenitsky et al., 1998; Suther-
land and Ziegler, 2006). They are designed to reduce the
energetics of rainfall and runoff, and at the same time
foster an equitable microclimate for subsequent vegeta-
tion growth (Ziegler et al., 1997). Numerous studies have
shown that dissipation of raindrop energy by any means,
natural or artificial, leads to reduce erosion. In particular
Ziegler and Sutherland (1998) claimed that some of the
rolled erosion control systems (natural and synthetic) are
able to reduce runoff and sediment significantly com-
pared with the control. Agassi (1997) used 5 types of
geomembranes to reduce runoff and erosion on 50%
slope under laboratory and field conditions. The mem-
branes dissipated the drops impact and reduced runoff



Figure 1. (a) five man-maid erosion control materials used
in this study and installation of one of them with steel pins
and (b) application of PAM and gypsum on the soil surface
of the flume.

significantly compared with the control. There was no
significant difference among the membranes regarding
their effect on the runoff.

Another way of increasing the stability of soil structure
is by the use of soil conditioners, which are substances
that improve the physical properties of soils, and these
include synthetic polymers and natural material like
gypsum (Ben-Hur, 2006). Polyacrylamide (PAM) is one of
the synthetic polymers with the ability to enhance soil
stabilization. This polymer is able to reduce soil detach-
ment, maintain the soil structure and increase infiltration
rate early in the rain events. In 1990s has shown that
PAM is an effective polymer in reducing erosion in furrow
irrigation on fine silt/clay soils (Lado et al., 2004.). Whe-
ther used alone or in conjunction with other erosion con-
trol practices, PAM is both economical and effective in
controlling erosion. Therefore it was found to be a cost-
effective and safe technology (Roa-Espinosa et al.,
2000). Another group of soil conditioners are the cemen-
titious-based binders such as gypsum. Calcium ions are
effective at improving soil structure and increasing water
infiltration. In addition, calcium and sulfur are important

micronutrients for plants. Gypsum (CaS04.2H20) is used
commonly used as a soil amendment to provide calcium
(an electrolyte source) and sulfur (Alcordo and Rechcigl,
1995). Brauer et al., (2005) demonstrated the usefulness
low cost gypsum as soil amendments in reducing runoff
and erosion. Tang et al., (2006) reported that because of
economical advantages of gypsum, application of PAM
along with gypsum can be recommended for increasing
their efficiency in increasing aggregate stability and redu-
cing runoff and sediment yield. Similarly Wallace-

Cochrane et al. (2005) pointed out that due to cheap
value and low cost of surface application of gypsum make
this material a suitable option for erosion control by
improving infiltration and reducing surface sealing.

Cultivation on sloping hills without doing suitable con-
servative activities causes irreparable damages to agri-
culture because of soil degradation and decreasing of
crop productivity. The present study was therefore, carr-
ied out with objective to evaluate the effect of soil condi-
tioners and man-made erosion control materials on stabi-
lization of sloping hills using rainfall simulator and small
flume facilities.

MATERIALS AND METHODS

The site of sampling was in Sarcham village in Zanjan province of
Iran which is located on downstream side of Zanjanrood. Sampling
was conducted on 15 cm of the soil surface with clay texture taken
from one of the sloping lands of this region. After transportation of
soil sample to laboratory the experiments was conducted on air-
dried soil that was passed through an 4.75 mm sieve. Soil texture,
determined by the hydrometer method, was 49% clay, 32% silt and
19% sand. Organic mater was nondeductible, saturated paste pH

7.8, saturated paste electrical conductivity (ECe) 17.18 dS m'l, Na
adsorption ratio (SAR) 9.85 and cation exchange capacity (CEC)

14.2 meq 100 g soil 1 Water used for rainfall simulation expe-

riments had electrical conductivity of 1.4 dS m™ , pH 8 and sodium
adsorption ratio of 2.2. Experimental treatments were consisted of:
soil without cover and amendments (control), covering the soil sur-
face with 5 types of man-made erosion control materials, spraying
the soil surface with PAM, mixing gypsum with upper 5 mm of the
soil surface and applying PAM + gypsum simultaneously.

The man-made erosion control materials, rolled erosion control
systems (RECS), were composed of woven layers of non-biodegra-
dable geosynthetic materials from polypropylene fabric. 5 of these
materials with regular grid network of synthetic fibers of systema-
tically arranged square apertures with diameters of 5.5, 3, 1.5, 1
and 0.5 cm were selected due to segregation of their effectiveness
on runoff and sediment reduction. Also % of ground cover by each
of them was calculated separately. The man- made erosion control
materials that diameter of their apertures was 5.5, 3, 1.5, 1 and 0.5
cm, had the 13, 18, 36, 44 and 55% of ground cover, respectively.
Before each run (24 h after complete saturation of soil) RECS was
installed on soil surface with U shape steel pins to provide complete
contact with the soil surface (Figure 1a). Dry granular anionic PAM

. . -1
copolymer with a molecular weight of about 5 Mg mole =~ was used
as well. Before application of PAM this polymer was dissolved in
water and then was sprayed on the soil surface with 3 solution con-
centration of 25, 50 and 75 kg ha™". Also 10, 20 and 30 Mg hat dry
powder of natural inorganic gypsum was mixed with upper 5 mm of
the soil surface (Figure 1b) . Also, combination of 25 kg hal PAM +
10 Mg hat gypsum, 50 kg ha™ PAM + 20 Mg hat gypsum and 75

kg ha™™ PAM + 30 Mg ha™™ gypsum was investigated in this study.
For each of experiments approximately 100 Kg of soil sample
was packed in the 1 x 1 m tilting flume’s tray (adjustable between 0
to 50% slopes) and leveled manually and investigated with an
rainfall simulator with oscillating nozzle (Figure 2). The rainfall
simulator was positioned 3 m above the soil surface. Uniformity of
rainfall and determination of different rain intensities with necessary
variation in angle of nozzle rotation has accomplished. This rainfall
simulator was provided a mean drop size of 1.5 mm diameter with a
kinetic energy of 15.1 J mm™® m? . In this study soil surface was
leveled with the ledge of basin of the flume and saturated with a
plastic pipe that was laid in the bottom of basin of flume. After
complete exit of gravity water, the action of rainfall simulation in



Figure 2. The research institute of forests and rangelands of Iran (IRIFR) tilting flume
and simulated rainfall facility consisting of: (a) steel frame with oscillating nozzle and
tilting flume, (b) water container with water pump (up) and electronic control system
(down) and (c) wet sieving apparatus (up) torvane (down).

different rain intensities (25, 50 and 75 mm h'l) and different slope
(15, 20, 25 and 30%) has done with the electronic control system
for all treatments. Runoff water, percolation water, sediment yield,
shear strength of soil surface and splash of soil particles was mea-
sured for each run. Runoff was collected for each run in different
times for 60 min after initiation of runoff. Weight and volume of
runoff sample were recorded. Sediment concentrations were deter-
mined gravimetrically using the evaporation method (Brakensiek et
al., 1979) after drying the samples in the oven with temperature of
105°C after 24 h. Mean value (ultimate) runoff and sediment were
measured finally.

Splash of soil particles was collected and measured for each run
after drying the samples in the oven. Shear strength of soil surface
before and after each run was measured with torvane apparatus.
Water stable aggregate (WSA) and mean weight diameter of soil
particles (MWD) before and after treatment with soil conditioners
were determined using the wet sieving method (Figure 2c¢). Though
for achievement to most accurate results some experiments were
repeated, because of carrying a large amount of soil (about 100 kg)
for each run, replication of experiments in prevalent models of sta-
tistical plots was not conceivable. Performance of experiments with-
out replication is common in rainfall simulation studies. So any error
in results may be possible.

RESULTS
Rainfall simulation in control treatments

Sediment yield, runoff water, percolation water, ahead
splash of soil particles (bottom of the slope direction) and
shear strength of soil surface (after the end of each run)
for control treatments in different slopes (15, 20, 25 and
30%) and different rain intensities (25, 50 and 75 mm h'l)
in rainfall simulation experiments were collected and
measured (Table 1).

As shown in Figure 3, with increasing in rainfall inten-
sity, runoff increased to high values, whereas addition in

slope inclination does not have great influence on runoff
intensity. In other words, the main reason of runoff
generation in this soil was the intensity of rainfall. More-
over, due to a large amount of clay particles at the soil
surface on relatively steep slopes, by reason of raindrop
impact, a structural seal at the soil surface was formed
(Borselli et al., 1996). So infiltration rat in this soil due to
this structural seal was confined and increasing in rain
intensity enhanced runoff volume rapidly. Therefore
addition in slope degree from 15 to 30% because of this
surface sealing had not too much influence on runoff
intensity. More explanation is, in low slopes partial
change in slope had a perceptible influence on enhance-
ment of runoff volume. For example increasing of slope
degree from 0 to 3% had a grate influence on runoff
intensity, whereas in steep slopes intense change in
slope inclination had not this grate influence. Increase in
sediment concentration with addition of slope and rain
intensity is also presented in Figure 3. As shown in this
Figure, rainfall intensity and slope degree had the grate
influence on sediment concentration values. Increasing in
sediment concentration with addition of slope and rain
intensity is similar to splash of soil particles in the direc-
tion of front section of the flume (Figure 3). Thus can be
concluded that, splash of soil particles and runoff had
high effect on sediment concentration. Figure 3 also
shows relation between shear strength of bare soil sur-
face with rain intensity and slope after rainfall simulation
experiments as well. As shown in this Figure, increase in
slope inclination resulted in decline of shear strength.
This phenomenon presumably is because of decreasing
of surface area which receives rainfall with increasing of
slope degree. Moreover, probably when slope inclination
increases, raindrop impact on soil surface will reduce



Table 1. Various parameters measured in control treatments in different slopes and rain intensities in rainfall simulation

experiments.

Slope in'seiisnity Runoff1 Infiltratio_rll Runoff C()Sr?c?;m(::ttio Spla_tlsh stsrgﬁg;h
(%) (mm h™ (mmh ) rat(mmh ) Coefficient ngh 9h ) (kgcm?
15.00 25.00 20.50 3.50 0.82 10.63 11.55 0.11
15.00 50.00 41.32 7.63 0.83 21.86 18.52 0.13
15.00 75.00 64.25 9.00 0.86 37.30 23.26 0.16
20.00 25.00 21.71 2.32 0.87 22.75 16.27 0.11
20.00 50.00 44.22 4.88 0.88 45.03 25.03 0.12
20.00 75.00 68.25 5.13 0.91 69.75 29.07 0.15
25.00 25.00 23.00 1.03 0.92 48.68 22.92 0.11
25.00 50.00 47.13 2.35 0.94 92.31 33.82 0.12
25.00 75.00 72.15 2.35 0.96 120.67 37.57 0.14
30.00 25.00 24.03 0.33 0.96 104.18 32.28 0.11
30.00 50.00 49.33 0.47 0.99 188.32 45.70 0.12
30.00 75.00 74.10 0.81 0.99 199.10 49.67 0.13

& shear strength measured before rainfall simulation experiments: (0.09 kg cm'2)

which leads to formation of less surface sealing and less
value of shear strength.

Rainfall simulation in soils treated by soil condi-
tioners and man-made erosion control materials

Sediment vyield, runoff water, percolation water, ahead
splash of soil particles, and shear strength of soil surface
24 h after treatment of soil surface with soil conditioners
and man-made erosion control materials were collected
and measured in different slopes (15, 20, 25 and 30%)

and different rain intensities (25, 50 and 75 mm h'l)
during the rainfall simulation experiments were collected
and measured.

Sediment yield

Soil conditioners and rolled erosion control systems
(RECS), man-made erosion control material, effect on
reducing of sediment yield (mean sediment concen-
tration) at 15 and 30% slopes and different rain intensities

(25,50 and 75 mm h'l) are illustrated in Figure 4. Proce-
dure of alterations in other slopes (20 and 25%) is similar
to 15 and 30% slope. As shown in this Figure and accom-
plished calculations, between man-made erosion control
materials, RECS with apertures of 1.5, 1 and 0.5 cm dia-
meter were the most effective in sediment reduction com-
pared with the control. Hence, can be concluded that
RECS that diameter of their apertures was les than 1.5
cm or % of their ground cover was over 36% could be the
most effective in sediment reduction. Also as shown in
this figure and accomplished calculations, application of

25 kg ha'l PAM on steep slopes (30%) and under intense
rain intensities (75 mm h'l) had not any effect on

sediment reduction compared with the control. But
spraying the soil surface with this same amount of PAM
could reduce sediment concentration approximately
between 27 up to 40% at 15 to 20% slopes cl:ompared
with the control. Also application of 75 kg ha~ PAM at

30% slope and under 75 mm ht rain intensity was able to
reduce sediment concentration about 58% compared with
the control. Thus, with due attention to obtained results, it
seems that application of 50 kg ha~ PAM has low
efficiency in reducing sediment concentration at 30%

slope and under intense rain intensities (50 and 75 mm h’

l). Whereas spraying the soil surface with this same
amount of PAM is relatively high at 15, 20 and 25%
slopes and under different rain intensities. Application of

30 Mg ha'1 gypsum by formation of a thin protective layer
on the soil surface and improvement of soil physical pro-
perties reduced soil loss to low levels at steep slopes and
under intense rain intensities as well. So that application

of 30 Mg ha™t gypsum at 30% slope and 75 mm h™* rain
intensity was reduced sediment concentration approxi-
mately 85% compared with the control which is too
considerable. Consequently reduction of soil loss to low
levels is accessible by use of high contents of gypsum on
steep slopes and under intense rains. This issue receives
too much concern when use of gypsum at great volumes
has not economical disadvantages. Also as shown in this
Figure, application of 75 kg ha' PAM along with 30 Mg
ha™ gypsum reduced soil loss to non detectable levels as
compared with control. So that application of these con-
tents of soil conditioners together was reduced sediment
concentration approximately 99% compared with the con-
trol on more slopes and rain intensities. Application of 50

kg ha PAM along with 20 Mg ha™t gypsum at 30% slope
and under 75 mm ht rain intensity was reduced sediment
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Figure 3. Slope inclination and rain intensity effects on runoff intensity, sediment concentration, splash of
soil particles in the direction of front section of the flume and shear strength of soil surface in control

treatments.

concentration approximately 73% compared with the con-
trol which is considerable.

The effect of different levels of soil amendments in
reducing of sediment concentration in different times dur-
ing 60 min after initiation of runoff on 30% slope and
under 75 mm h™ rain intensity compared with the control
is illustrated in Figure 5. As shown in this Figure, effec-
tiveness of 25 kg ha PAM decreased at the initial mom-
ents of runoff generation rapidly. It means that alterations
of sediment concentration with time for this treatment rea-
ched to a steady state so quickly. Whereas, effectiveness

of 75 kg ha'1 PAM decreased about 40 min after initiation
of runoff in this slope and rain intensity (40 min lasted for
reaching to steady state). Hence, spraying of soil surface
with high amounts of PAM has considerable efficiency on
soil loss.

Also as shown in this figure, effectiveness of 30 Mg ha'l

gypsum on sediment reduction did not decreased even 1
hour after initiation of runoff. Alterations of sediment con-

centration with time for treatment of 50 kg hal PAM + 20 Mg

ha'1 gypsum reached to steady state approximately 60
minute after initiation of runoff as well. This figure also
illustrates efficiency of 75 kg hat PAMalong with 30 Mg hat
gypsum on soil loss reduction compared with the control on
steep slopes and intense rains thoroughly. So that even 60
minute after initiation of runoff, sediment concentration is
negligible for this treatment (~ 99 % lower than control
treatment). So application of gypsum and PAM with one
another by formation of a thin pro-tective layer on the soil
surface (role of gypsum) and flo-culation of clay particles
and improvement of soil physi-cal properties (role of gypsum
+ PAM) can reduce soil
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Figure 4. Soil conditioners and rolled erosion control systems (RECS) effect on reducing of sediment concentration and
runoff intensity at 15 and 30 % slopes and different rain intensities compared with the control. In these diagrams and
subsequent diagrams C is control treatment, RECS (A), (B), (C), (D) and (E) are RECS with apertures of 5.5, 3, 1.5, 1 and

0.5 cm diameter respectively, PAM (A), (B) and (C) are application of 25, 50 and 75 kg ha™~ PAM respectively, Gyps (A), (B)
and (C) are application of 10, 20 and 30 Mg ha™™ gypsum respectively, PAM,Gyps (A), (B) and (C) are application of 25 kg
hat PAM + 10 Mg hat gypsum, 50 kg ha PAM + 20 Mg ha™* gypsum and 75 kg ha* PAM + 30 Mg ha™ gypsum.

loss to non detectable levels. Because of economical
advantages of gypsum, so application of PAM along with
gypsum can be recommended for increasing their
efficiency.

Runoff

Soil conditioners and rolled erosion control systems
(RECYS) effect on reducing of runoff (mean runoff intensity
at 15 and 30% slopes and different rain intensities (25, 50
and 75 mm h'l) is presented in Figure 4. Procedure of alt-
erations in other slopes (20 and 25%) is similar to 15 and
30% slope. As shown in this Figure, installation of RECS
and application of soil conditioners had not so influence
on runoff reduction. The effect of different amounts of soil
amendments in reducing of runoff intensity in different
times during 60 min after initiation of runoff on 30% slope
and under 75 mm h™ rain intensity compared with the
control is shown in Figure 5. As shown in this Figure,
effectiveness of various amounts of soil conditioners in
runoff reduction decreases on steep slopes at the initial
moments of runoff generation rapidly. So with due
attention to this Figure, PAM and gypsum are not able to

delay runoff production and will lose their effectiveness
very fast.

Splash of soil particles in the direction of front
section of the flume

Our results showed that all of amounts of soll
conditioners were not effective in decreasing of soil
splash detachmeqt. So that even application of 75 kg ha
PAM + 30 Mg ha ™~ gypsum on 30% slope and under 75

mm h™ rain intensity decreased soil splash detachment
by just 7% compared with the control. So soil conditio-
ners rather with increasing of aggregate stability and
prevention of aggregate detachment reduces the
formation of surface sealing and has not so much role in
decreasing of splash of soil particles. In addition, RECS
with due attention to diameter size of their apertures
reduced the impact of raindrop absorbing its energy.
Consequently soil particle detachment, splash of these
particles, accessibility and transportation of these
particles by runoff, and soil loss was reduced. Thus, by
decreasing of diameter size of their apertures (increase of
their surface cover %) splash of soil particles was reduced.
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Figure 6. Soil amendments effect on shear strength of the soil surface: (a) before rainfall simulation experiments
and (b) after rainfall simulation experiments at 30% slope and different rain intensities compared with the control.

Shear strength of soil surface

As illustrated in Figure 6, measurement of shear strength
of the soil surface before and after rainfall simulation
experiments had shown that with addition of soil condi-
tioners to soil surface due to improvement of soil physical
properties and production of more stable aggregates its
value increased.

Aggregate stability

For better showing of effectiveness of soil conditioners on
stability of soil structure, aggregate stability index in
(WSA) criterion and mean weight diameter of soil parti-

cles (MWD) values for all treatments were determined
using the wet sieving method (Table 2). Comparison of
mean weight diameter and stability index of soil aggre-
gates after treatment with soil binders shows with incre-
asing of soil conditioners contents, larger and more stable
aggregates will appear. Thus, with increasing of
aggregate stability, less surface sealing can be expec-
table with application of soil amendments.

DISCUSSION
Rolled erosion control systems (RECS)

% of reduction variations of runoff in different slopes and



Table 2. Results obtained of aggregate stability measurement and stability index for various amount of PAM and gypsum.

% %
% WSA % WSA % WSA % WSA
lz/ln\:\r/r?) >0.075 >0.125 >0.25 >0.5 VZSlA VZSZA Treatments
mm mm mm mm mm mm
0.203 49.77 35.82 15.26 6.74 3.84 1.09 Control
0.231 55.26 40.47 17.85 8.14 4.71 137  25kgha’ PAM
0.251 61.53 44.80 19.50 8.77 5.05 1.47 50 kg ha-vl PAM
0.268 67.02 48.74 21.19 9.52 5.49 1.59 75 kg ha'l' PAM
0.247 60.53 44.09 19.22 8.64 4.99 1.44 10 Mg ha-'l gypsum
0.266 65.90 47.89 20.75 9.33 5.37 1.56 20 Mg ha"l gypsum
0.285 72.36 52.54 22.71 10.20 5.87 1.68 30 Mgha " gypsum .
0.258  64.43 46.86 20.34 9.17 527 153  25kgha PAM+10 Mg ha " gypsum
0.281 71.39 51.86 22.46 10.11 5.80 1.68  50kgha ' PAM+20 Mg ha™ gypsum
0.379 90.14 65.46 28.46 12.79 7.36 2.12 75 kg ha™* PAM+30 Mg ha™* gypsum

rain intensities for RECS with apertures of 5.5, 3, 1.5, 1
and 0.5 cm diameterwas 0-2,0-3,3-8,2-8and 1 -
6% respectively compared with the control. So RECS
with a pertures of 1.5 cm diameter was the most effective
in runoff control compared with the other treatments. This
may be mainly probably due to size and shape of aper-
tures, method of installation of RECS on the soil surface,
and size of the flume. It seems because of having finer
apertures; water could not penetrate easily in to the soil
treated with RECS with apertures of 1 and 0.5 cm
diameter, compared with RECS with apertures of 1.5 cm
diameter. So water rapidly reached to the end of the
flume in soil treated with RECS with apertures of 1 and
0.5 cm diameter. Sutherland and Ziegler (2006) reported
that RECS with regular grid network of fibers of syste-
matically arranged square or rectangular apertures was
less effective than those with irregular grid network of
fibers in reducing erosion. So the shape, setting and sta-
tus of apertures are important factors effecting on runoff
conduction. For example plastic covers are impervious
and have not any apertures for percolation of water in to
the soil. So they can not reduce runoff and can cause
erosion problems because of runoff conduction (Wan and
El-Swaify, 1999). Hence RECS with apertures of less
than 1.5 cm diameter (more than 36% of ground cover)
can probably intensify runoff in receiving areas with steep
slopes due to the excessive flow with increased
velocities. We supposed that low efficiency of all RECS in
reducing of runoff was due to small size of the flume as
well. Ziegler and Sutherland (1998) stated a rolled ero-
sion control product combines a number of some attri-
butes will greatly reduce runoff and sediment transport.
They showed favorable rolled erosion control products
attributes for erosion control was consisting of (i) signi-
ficant 3 dimensionality that reduces raindrop impact,
interferes with splash transport of sediment, and incre-
ases hydraulic resistance to overland flow, (ii) fiber inte-
gration within the upper soil horizon, which increases
shear strength of the soil thereby reducing overland flow

velocities, (iii) significant surface coverage with small
random openings that mitigate raindrop impact and
splash transport; (iv) fibers with high water sorbance that
reduce runoff volume, (v) fibers conforming to micro-
topographic variations when wet (drapability), thereby
reducing overland flow between the product and the soil
surface and (vi) ability to pond water to depths greater
than the medium raindrop diameter. In field or natural
conditions usually RECS are installed on hillslopes with
long lengths. So installation of RECS on small flumes,
which is very different with natural conditions, can reduce
their efficiency in erosion control explained above. RECS
installed on this small flume were not able to delay the
generation of runoff by maintaining structural surface
integrity, and form micro dams and lengthen overland
flow path presumably (Sutherland and Ziegler, 2006). So
runoff did not reduced to low levels compared with the
control after installation of RECS.

% of reduction variations of sediment concentration in
different slopes and rain intensities for RECS with aper-
tures of 5.5, 3, 1.5, 1 and 0.5 cm diameter was 4 -10, 6 -
14, 31 - 60, 42 - 62 and 60 - 82% respectively compared
with the control. RECS with apertures of 5.5 and 3 cm
diameter were not efficient in reducing sediment concen-
tration due to having big apertures compared with other
RECS similar to mentioned reasons about runoff. Similar
results about the role of RECS in reducing sediment yield
have reported before (Sutherland, 1998).

PAM

% of reduction variations of runoff in different slopes and
rain intensities for application of 25, 50 and 75 kg hat
PAM was 0 - 6, 0 - 9 and 3 - 12% respectively compared
with the control. With due attention to these Figures,
application of low levels of PAM on steep slopes (30%)
and under intense rain intensities (75 mm h ) has insigni-
ficant effect on runoff reduction compared with the
control. Also application of low levels of PAM lost its



effectiveness in reducing of runoff rapidly. This may be
mainly due to soil saturation, surface sealing and soil
consolidation. Our results support the findings of other

studies. Blanco-Canqui et al. (2004) showed that 9 kg ha’

1 pAm applied on silty loam soils at 4.5 and 5% slopes
under intense rains (69 and 93 mm h'l) reduced runoff by
13% compared with the control. They reported that PAM
is effective for reducing runoff only during the early
stages of rainfall as well. So that, PAM effectiveness
diminished rapidly with time. Similarly, Aase et al. (1998)
found that 2 kg ha of PAM reduced runoff by 70%,
however, runoff from PAM-treated and untreated soil after
30 min of irrigation at 80 mm ht was the same. They
suggested that runoff from the PAM treatment would
quickly approach that of the control treatment under
intense rains.

% of reduction variations of sediment concentration in
different slopes and rain intensities for application rate of
25, 50 and 75 kg ha™> PAM was O - 40, 7 - 58, and 58 -
85% respectively compared with the control as well. The
high efficiency of 75 kg ha'1 of PAM in reducing of sedi-
ment concentration is presumably due to improving the
soil structure stability. Also rainfall decreased PAM effect-
tiveness, leaving soil surface increasingly unprotected
from the raindrop impact in the soils treated with low
levels of PAM. We suggest that because of PAM pene-
tration into the soil is limited; it quickly lost its effective-
ness as the soil was eroded. Indeed Lu and Wu (2003)
reported that PAM has very low penetration into the soil
profile. The effectiveness of PAM for reducing erosion
decreased from 94 to 82% between the first 30 min and
the end of the 1 h dry run. Similarly, Blanco-Canqui et al.
(2004) showed that effectiveness of 9 kg ha'l PAM
decreased 30 min after initiation of rainfall (approximately
20 min after beginning of runoff) on a silty loam soil with
4.5% slope under 69 mm h'~ rain intensity. They indicated
that 9 kg ha'1 of PAM is insufficient to control erosion to low
levels for rainfall events longer than 30 min. Decre-ase in
PAM effectiveness for application of 75 kg ha'l PAM after
initiation of runoff in this study is approximately similar to
findings by Peterson et al. (2002), who reported that soil loss
from recently tilled soils treated with 60 kg ha™* PAM did not
increase within 1 h of rainfall simulation at 75 mm h'l.
Similarly, Flanagan et al. (2002) reported that application of
80 kg ha PAM on disturbed 32% slo-ping soils was
effective on reducing soil loss by 54% after
9 rainfall events and 40% from 19 events over a 6 month
period. Because durability of erosion control by low appli-
cation levels of PAM is short, we speculate split appli-
cation of PAM after major rainfall events may be a succ-
essful treatment.

Gypsum

% of reduction variations of runoff in different slopes and

rain intensities for application of 10, 20 and 30 Mg ha™
gypsumwas 0- 7,0 -9, and 5 — 13% respectively

compared with the control. Our results showed that appli-
cation of low levels of gypsum on steep slopes and under
intense rain intensities had insignificant effect on runoff
reduction compared with the control. Also application of
low levels of gypsum lost its effectiveness in reducing of
runoff rapidly. This may be due to washing of gypsum by
runoff, surface sealing and soil consolidation. Our results
are similar to findings of other studies just in some as-
pects. For example Tishmack et al. (2001) showed that
application of 5 Mg ha'1 inorganic gypsum on a silty clay

soil at 9.5% slope under 70 mm h ™~ simulated rainfall
reduced runoff by 12% compared with the control. They
reported that alterations of runoff with time for this
treatment reached to steady state approximately 35 min
after initiation of runoff (45 min after initiation of rainfall).
Whereas in this study for treatment of 30 Mg ha-1 gypsum
just about 5 min time was needed to reached to steady
state after initiation of runoff at 30% slope and under 70

mm h'lrainfall. Our lower effectiveness may be explained
by the higher slope in this study and different behavior of
various soils treated by gypsum.

% of reduction variations of sediment concentration in
different slopes and rain intensities for application rate of 10,

20 and 30 Mg hat gypsum was 11 - 44 , 48 -64, and 85 -
92% respectively compared with the control as well. The

high efficiency of 30 Mg hat gypsum in reducing of
sediment concentration is presumably due to improving the
soil structure stability. Also rainfall decreased gypsum
effectiveness in the soils treated with low levels of gypsum.
Similarly, Tishmack et al. (2001) showed that application of 5
Mg ha ™t inorganic gypsum on a silty clay 9.5% sloping soil
under 70 mm ht simulated rainfall redu-ced sediment loss
by 28% compared with the control. They reported that
alterations of sediment concentration with time for this
treatment reached to steady state app-roximately 35 min
after initiation of runoff (45 min after initiation of rainfall).
With due attention to these findings it seems that durability
of erosion control by gypsum is long and even at intense
rains this material do not loss its efficiency in reducing of
erosion. So we suggest that be-cause of economical
advantages of gypsum with high application levels of
gypsum in one stage can reduce soil erosion to low levels.
So can be concluded due to cheap value and low cost
surface application of gypsum, this material is a suitable
option for erosion control.

PAM + Gypsum

% of reduction variations of runoff in differlent slopes and
rain intensities for application of 25 kg ha =~ PAM + 10 Mg
ha™t gypsum, 50 kg ha’ PAI\{I + 20 Mg ha™t gypsum and
75 kg ha™ PAM + 30 Mg ha ™ gypsum was O - 11, 1 - 15
and 11 -22% respectively compared with the control. Our
results showed that application of low levels of PAM +
gypsum on steep slopes and under intense rain inten-
sities had insignificant effect on runoff reduction com-
pared with the control. Also application of low levels of
PAM + gypsum lost its effectiveness in reducing of



Table 3. Cost of purchasing and installation of different types of soil conservation.

Cost of installation ($/ha)

Cost of purchasing ($/ha)

Types of soil conservation

187.50-375.00

25kgha~ PAM

1700 - 3700 375.00-750.00 50 kg ha PAM
562.50-1125.00 75 kg ha™ PAM
100.00-200.00 10 Mg ha” gypsum

2000- 3000 200.00-400.00 20 Mg ha™* gypsum

300.00-600.00

30 Mg ha™* gypsum

30000- 70000

3000.00-5000.00

RECS (geotextiles)

! presented by Caltrans

runoff rapidly. Peterson et al. (2002) reported that 40 kg

ha PAM + 5 Mg ha = gypsum applied on silty clay loam
packed in erosion boxes was highly significant in redu-
cing runoff, but that runoff amount increased progre-
ssively beyond 30 min of rainfall. They suggested that
runoff from the PAM + gypsum treatment would quickly
approach that of the control treatment under intense
rains. Yu et al. (2003) reported that higher amount of
PAM application needs a higher amount of gypsum to
achieve the best infiltration result. They showed that
spreading dry PAM mixed with gypsum on the solil
surface increased the final infiltration rate of the silty loam
by up to 4 times compared with the control. Whereas us-
ing PAM or gypsum alone did not prevent seal formation,
reduced the soil’s hydraulic conductivity and its infiltration
rate. With do attention to our results and findings of other
studies we suggest that on sloping areas under intense
rains high levels of PAM + gypsum should be applied to
improvement of soil physical properties, preventing of
seal formation, and therefore reducing of runoff.

% of reduction variations of sediment concentration in
different slopes and rain intensities for application rate of
25 kg ha™" PAM + 10 Mg ha™* gypsum, 50 kg ha™* PAM +

20 Mg hat gypsum and 75 kg ha™ PAM + 30 Mg ha™
gypsum was 28 - 60, 73 - 78 and 94 - 99% respectively
compared with the control as well. The high efficiency of

75 kg ha™ of PAM + 30 Mg ha™t gypsum in reducing of
sediment loss to non detectable levels is explained by
gypsum dissolution. When rain water comes in contact
with the PAM plus gypsum mixture, gypsum dissolves
and increases the electrolyte concentration in the soil
solution. With increase in electrolyte concentration in the
soil solution, the repulsion forces between the negative
sites on the anionic polymer diminishes and the dissolved
polymer exists as coiled and short chains whose effect on
the polymer’s solution viscosity diminishes, thus limiting
the clay dispersion (Barvenik, 1994; Agassi and Ben-Hur,
1991). Also gypsum dissolution releases ca*? cations
into the soil solution. These cations increase the
adsorption of the aggregates, so enhancing their
stabilizing effect (Ben-Hur et al., 1989). Therefore, the
short polymer chains are apparently ineffective in
clogging pores, and effective in stabilizing the surface
aggregates and preventing seal formation.

Economical advantages

The purchase price of 1 kg PAM in market depending on
its type, molecular weight, charge density and manufac-
turer is about 7.5 - 15 $. Gypsum is so cheap and can be
provided from manufactures producing raw gypsum with
low costs (less than 0.02 $ for each kg gypsum). Pur-

chase price of 1 m2 RECS in market depending on its
type is about 0.3 - 0.5 $ . So with due attention to the cost
of PAM, gypsum, and RECS, their purchase price in
market can be estimated for each ha. California depart-
ment of transportation (Caltrans) has reported the cost of
installation of different types of soil conditioners and
RECS (Caltrans, 2002). The purchase price and cost of
installation of PAM, gypsum and RECS is presented in
Table 3. Figures presented in this Table indicate that use
of gypsum for stabilizing of soil is lower than PAM. Also
expenses usage of RECS is much more than PAM and

gypsum.
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