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3. Executive Summary 

Surface irrigation is the most widely used irrigation method in the Syr-Daria river basin, and in 

the world. However, surface irrigation systems are relatively inefficient and only about 60% of 

the applied water is consumed by the crops. As a result of inefficient irrigation, water table in the 

basin is rising and secondary salinization occurred. Also, the soils in the region are susceptible to 

furrow erosion. The general objective of this study was to improve the efficiency of surface 

irrigation and to prevent furrow erosion by the use of surge and polymers technologies. 

In laboratory experiments in Israel the following studies were completed and published in 

international journals: 1) Flow interruption effects on intake rate and rill erosion. 2) Hydraulic 

gradients, aging, and water quality effects on the hydraulic properties of soils. 3) 

Polyacrylamide, sediments, and interrupted flow effects on rill erosion and intake rate. 4) 

Hydraulic gradient and wetting rate effects on the hydraulic conductivity of soi!s. In these 

studies, the interaction between soil properties, surge flow and polymers were evaluated and 

recommendations for the field studies in Kazakhstanwere outlined. 

The effect of surge imgation and PAM in field studies (200m long furrows and inflow rates of 

30-50 Llmin) was determined in Kazakhstan. Surge irrigation was very effective in reducing 

hrrow erosion and infiltration rate. Similarly, PAM was also most effective in preventing furrow 

erosion. In soils with poor structure that were very susceptible to furrow erosion, combina?ion of 

surge irrigation with PAM application (10g/m3) was most effective in preventing furrow erosion, 

decreasing water intake rate, improving irrigation efficiency and preventing water table rise and 

secondary salinization. 

Prof. Akhanov visited in Israel in March 1997 and Dr Shainberg and Dr Levy visited in 

Kazakhstan in June 1998. The cooperation between the two teams was productive and an 

extension of the cooperation is proposed. 



4) Research Objectives 

The overall objective of this proposal was to develop irrigation management that enables 

uniform water distribution, minimizes runoff and erosion and minimizes rising water table and 

secondary salinization. Specific objectives were: 

1) To study the effect of surge irrigation on the intake rate and furrow erosion of silty loam to 

clay soils (laboratory and field studies). 

2) To study the effect of soil properties and water quality on water intake and sediment 

concentration in furrow irrigation (laboratory and fieid studies). 

3) To study the effect of wetting rate, initial moisture content and aging on intake rate and 

furrow erosion (laboratoly studies). 

4) To study the effect polymers (Polyacrylamide) on soil erosion and intake rate in furrow 

irrigation (laboratory and field studies). 

5) Methods and Results 

In Israel 

5.1. The effect of soil texture on the efJiciency of interrupted (surge) flow in reducing 

infitration rate and rill erosion. (Appendix A. Published in Soil Science Sociery of America 

Journal 63328-834, 2001). 

Effects of intermpted flow on rill erosion and infiltration rate of a silt loam and a clay soil 

were studied in the laboratory using miniflumes. Interrupted flow reduced the infiltration rate 

in both soils compared with continuous flow. The reduction in infiltration rate by surge flow 

was more effective in the silt loam because of its unstable structure, than in the stabled 

structured clay soil. Interrupted flow consolidated the soil surface and reduced its hydraulic 

conductivity. Conversely, intermpted flow reduced furrow erosion in both soils in a similar 



way. The results suggested that surge flow might be an effective management tool in surface 

irrigation to enhance infiltration uniformity and for the control of furrow erosion. 

5.2. The effect of aging and hydraulic gradient on the hydraulic properties of soils (Appendix 

B. Published in Soil Science Society ofAmerica Journal 62: 1488-1496. 1998). 

Aggregate stability in a moist soil increases with aging time due to the formation of cohesive 

forces between soil particles. Aging also increases the hydraulic conductivity of soils and 

decreases soil's erodibility. The rate of cohesive bond formation increased with increasing 

hydraulic gradient (and compression of the clay fabric) and decreased with a decrease in water 

quality. Aging and hydraulic gradient effects contribute to the explanation of the effect of 

interrupted flow on furrow erosion and intake rate in furrow irrigation. 

5.3. PAM, Sediments, and interrupted,flow effects on rill erosion and intake rate (Appendix C. 

Published in Soil Science Society of America Journal 64.1487-1495. 2000). 

The effect of PAM and sediment concentration in imgation water on infiltration rate and rill 

erosion in silty loam and clay soil was studied using laboratory miniflumes. Rill erosion in 

both soils was eliminated by the PAM treatment (log m-3) in both continuous and interrupted 

flow. The PAM treatment reduced infiltration rate in the silty loam and increased it in the clay 

soil. The contradictory effect of PAM on infiltration rate was explained by two opposing 

mechanisms: (I) enhancement of infiltration rate by prevention of erosion and of depositional 

seal formation and (ii) reduction of infiltratiot~ rate because of partial blocking of the 

conducting pores by the tails of adsorbed polymers molecules. Interrupted flow reduced 

infiltration rate in the silty loam by 18-37% and had an insignificant effect in the clay soil. 

Sediments in imgation water reduced cumulative infiltration by 22% and 59 % in the clay and 

silty loam, respectively. These reductions were attributed to depositional seal formation. 



Sediments in irrigation water also reduced rill erosion. These results indicated that the potential 

benefits of interrupted flow as a means of improving surface imgation efficiency and 

controlling furrow erosion would be manifested in soils with weak structure like the soils in the 

Syr-Daria basin. Addition of polymer to the imgation water enhances the effect of interrupted 

flow in these soils. 

5.4. Hydraulic gradient and wetting rate effects on the hydraulic conductivity of clay soils. 

(Appendix D. Puhli.shed in Soil Science society of America Journal 64: 121 1-1219. 2000). 

Understanding the combined role of intrinsic (e.g. clay content) and extrinsic soil conditions 

(prewetting rate and hydraulic gradient) in determining the hydraulic conductivity of soils is a 

key factor in improving soil and imgation management. Under conditions of limited 

aggregation (fast prewetting), development of cohesive forces between structural units 

explained the increase in hydraulic conductivity and the rate of increase in hydraulic 

conductivity increased with increase in hydraulic gradient. Conversely, when a stable 

aggregation was maintained (e.g. slow wetting rate), the development of cohesion bonds was 

of minor importance in increasing the hydraulic conductivity. 

In Kazakhstan 

Field experiments were carried out in Kazakhstan. The methods and results of the field 

experiments are presented in detail in Appendix E. A derailed description of the furrow 

irrigation experiments as outlined by Dr Shainberg and Dr Levy in their visit to Kazakhstan is 

given in Appendix F. Since the results have not been published in international journals, a 

short description of the methods and results (fron: Appendix E) is presented here. 

5.5. The climate, geography, vegetation and soils in the Syr Darya delta (Appendix E. Chapter 

I ) .  The climate in the Syr-Daria basin is highly continental with dry hot summer, cold winter, 



100 mm percipitation and strong winds. Silty l oms  and sandy loams are the dominant soils. 

The silty loams contain 20% clay and 70% silt. The cation exchange capacity of the soil was 

20 meq1100 g, exchangeable sodium percentage was low (a%) and exchangeable Magnesium 

reached 30-50 %. Detailed description of the soils is given in Tables 1-4 in Appendix E. 

Ground water table in the region is high and depends on irrigation regimes. Because of 

inefficient imgation water table is rising and secondary salinization prevail. 

5.6. Efect of PAM on soil structure, evaporation rate and furrow erosion (laboratory studies) 

(Appendix E. Chapter 2). 

PAM was mixed with the soil surface at rates of 1.0, 4.0, 10.0 and 40.0 kglha. Following 

drying in the field. dry and wet aggregate sievinganalysis was done in the laboratory. The 

results are presented in Table 5 (from Appendix E). PAM at all treatments increased the 

percentage of meso-aggregates and the rate of 10 kgha was most beneficial in improving soil 

structure. The improved soil structure decreased evaporation from the soil surface (TabIe 7, 

Appendix E). Stabilization of aggregates at the soil surface prevented capillary rise of water 

and decreased evaporation (Table 7, Appendix E). 

Table 5. Influence of different dozes of PAM on structure-aggregate composition 



Table 7. Changes in moisture content as a function of evaporation days and PAM treatment 

The susceptibility of the soil to furrow erosion was determined in the laboratory using specially 

prepared hydroflumes (Chapter 2.3, Appendix E). The effect of slope (0.002,0.004 and 0.02), 

continued and surge flow, and PAM were studied. The results are summarized in Table 10 

from Appendix E. 

Table 10. Pliability of swamp-meadow soils to water erosion. 

Variants Outflow of soil particles under inigiation, g\l 1 
I I I 1 Continued flow I 0.69 0.85 1.1 1 

It is evident that surge flow was effective in decreasing furrow erosion and that PAM 

treatments prevented furrow erosion completely. 

I I I 
0.62 

Continued flow with application of different PAM doses 

0.61 Surge 0.47 



5.7. A,field study of the effect of surge flow and PAM on furrow irrigation (Appendir E 

Chapter 3.2) 

The experiment was performed according to the scheme proposed by Shainberg and Levy 

(Appendix F). Furrows of 200111 were constructed in a maize field with 0.02 slope, on 

sierozemic-meadow loam of Tasotkel massif. Four treatments were applied: I )  Continues flow 

of 30L/min. 2) Surge flow of 30L/min and ratio of onloff flow of 1:I. 3) Continues flow with 

PAM (10~1m~) and 4) Surge flow with PAM (10g/m3). Inflow rate during the advancement 

stage and during 30 min after the flow reached the end of the firrow was maintained at 30 

Llmin. Thereafter the flow rate was diminished to 15 Ilmin. During the 30-min flow, samples 

of furrow water were taken at distances of 20, I00 and 180 m from the inflow side and 

sediment concentration were determined. Each treatment was replicated three times. 

The effect of the surge and PAM treatments on furrow erosion are presented in Table 1 1  

(Appendix e) 

Table 11. Intensity of soIid discharge formation in h o w  water, g/l 

Constant flow 



It should be noted that 1) surge flow reduced furrow erosion to about 20% of that in continuous 

flow and that 2) PAM at the rate of 10 g/m3 reduced furrow erosion to values 4 0 %  of the 

control. It was concluded that both methods, surge and PAM, are very effective in preventing 

furrow erosion. 

When imgation was completed the water content in the soil profile was determined and is 

presented in Table 12 (Appendix E). 

Table 12. Influence of surge method of irrigation and PAM on the depth of wetting and soil 
humidity after irrigation. 

20-40 26,l 24,l 24,6 
40-60 23,2 23,6 23,s 
60-80 20,l 20,5 19,7 

Surge flow 
0-20 23.7 24.0 24,l 

20-40 20,l 19.1 19,7 
40-60 17,3 18,7 18,2 

Depth, cm 

60-80 17,l 18.0 17,3 
Constant flow+PAM . 

0-20 24,l 22,3 20,O 
I 

20-40 23,3 23,s 21,O 
40-60 23,5 21,O 20,6 
60-80 22,s 22,5 20,5 

Surge flow+PAM 
0-20 2 6 3  24,4 19,9 

20-40 22,s 24,l 19,5 
40-60 23,O 23,6 20,4 
60-80 2 3 3  22,2 22,l 

Moisture content of soil (%) from the begin- 
ning of the furrow (m) - 

20 100 180 

It should be noted that surge flow reduced the moisture content in the soil profile. Whereas the 

Constant flow 
0-20 23,9 24.3 25,l 

moisture content in the 20-80 cm depth of the continuous flow ranged between 19.7 and 26.1 

percent, the moisture content in the surge treatment ranged between 17.1 and 20.1 percent. 

These moisture content values indicate that surge irrigation reduced the rate of infiltration of 



irrigation water into the soil. Consolidation of the depositional seal at the soil surface by the 

the flow interruption reduced the hydraulic cond~ictivity of the seal and the infiltration rate (see 

appendix 1). 

The moisture content in the PAM treatments was similar to those in the control (Table 12). 

PAM treatments prevented furrow erosion and depositional seal formation. When seal are not 

formed, surge flow had no effect on the infiltration rate. 

Based on the above experimental results it was concluded that in regions with "unfavorable 

soil amelioration conditions", i.e. delta plains of Syr Daria and Shu, surge irrigation and 

application of PAM are most effective for stabilization of ground water level and prevention 

of furrow erosion. 

5.8. A.ficld study on the effects of irrigation method (surge vs. continuous flow), firrow length 

und inflow rate on soil loss and soil moisture (Appendix E Chapter 3.3). 

The experiment was conducted in piedmont desert zone in South-East Kazakhstan. The soil 

consists of coarse alluvial deposits with sandy loan texture. 300,000 ha of these soils are 

spread at South-East Kazakhstan where sufficient supply of glaciers water from the mountains 

is available. The experiment was performed according to the method proposed by Shainberg 

and Levy (Appendix F): 

The experiment was done in a sunflowers field with 3 furrows per treatment and 3 repetitions 

per treatment. The furrow erosion results are presented in Table 14 (Appendix E) 

Length of a furrow (L) m 
100 
150 
100 
150 

lOO(contro1) 
150 
100 
150 - 

Variants 

Surge flow 

Constant flow 

Inigation stream (Q) Ilmin I 
30 

50 

30 

50 



Table 14. Intensity of solid discharge formation, gA 

Based on the results presented in Table 14 it is concluded that surge imgation was very 

effective in controlling furrow erosion. These results are expected from the laboratory 

experiments in Israel (Appendix A) but similar field data were not reported in the scientific 

literature. A more careful examination of the experimental results in Kazakhstan and more 

field experiments are needed to generalize these conclusions and to develop a recommendation 

on the use of surge imgation to prevent fUrrow erosion. 



The effect of surge irrigation on the efficiency of h o w  imgation on the piedmont soil is 

presented in Table 16 (Appendix E) 

Table 16. Comparative efficiency of surge irrigation. 

The data in Table 16 suggest the following: 1) Time of irrigation in surge imgation is shorter 

than the corresponding time in continuous flow. For example: whereas in the control (furrow 

length of 100 m and inflow rate of 30 Llmin, time of imgation was 380 min, in the 

corresponding surge flow the time of irrigation was 360 minutes. Surge imgation decrease the 

infiltration rate of the soil and decrease the advancement time (Appendix A), thus it decrease the 

total imgation time. 2) The volume of water that infiltrated the soil in surge irrigation was less 

than the volume in continuous flow. This suggest that surge irrigation was more efficient in 

water use. 



Conclusions 

Laboratory experiments demonstrated that surge irrigation improved the efficiency of furrow 

imgation and decreased furrow erosion. Similarly laboratory experiments demonstrated that 

mixing PAM with irrigation water (I0 g/m3) reduced dramatically furrow erosion. Other 

laboratory experiments demonstrated the effect of aging and hydraulic gradients in stabilizing 

soil aggregates and increasing the cohesion forces between soil particles. These laboratory 

conclusions were tested in Kazakhstan in laboratory and field experiments. Based on field 

experiments it was concluded that surge flow decreased furrow erosion, decreased advancement 

time in furrow irrigation and increased irrigation efficiency. 

6.  Impact Relevance and Technology Transfer 

Surface irrigation is the most widely used irrigation method in the Syr-Daria river basin in 

Kazakhstan. Because of inefficient irrigation, water table in the region is rising and secondary 

salinization prevails. Soils in this region have unstable structure and are very susceptible to 

erosion. Introducing an imgation management that improve irrigation efficiency and prevent 

erosion will be very useful in the region. Surge irrigation and the addition of PAM to irrigation 

water are cost effective technologies that improve imgation efficiency and prevent soil 

erosion. These two technologies were studied in this research project and both were found to 

be very effective in the Syr Daria basin. 

A large group of both scientists and technical staff of the Institute of Soil Science in Almaty 

Kazakhstan and in the extension service were involved in this project and were exposed to the 

Israeli experience and expertise in the management of soils and irrigation water. The 

investigators in Kazakhstan were very enthused with the experimental results (See their report 

in Appendix E) and it is likely that the results of this project will be applied in Kazakhstan. It is 

hoped that both technologies (Surge imgation and PAM) will be used in Kazakhstan and that 



the investigators involved directly with this program will be able to run independent research 

and extension work in other regions in the country. 

7. Project Activities/outputs. 

Prof. Akhanov visited in Israel in 1997 and Prof. Shainberg and Dr Levy visited in Kazakhstan 

in june 1998. During these visits the applied and basic aspects of surge irrigation and polymers 

effects were discussed with Soil and Water scientists. During the visit of Drs Shainberg and 

Levy, detailed field experiments were outlined. Scientists in the Institute of Soils in Kazakhstan 

are now familiar with the surge and polymers technologies. 

The following project funded publications were published: 

1) Moutier M, I. Shainberg and G.J. Levy. 1998. Hydraulic gradient, aging, and water quality 

effects on hydraulic conductivity of a vertisol. Soil Sci. Soc. Am. J. 62:1488-1496. 

2) Moutier M, I. Shainberg and G. J. Levy. 2000. Hydraulic gradient and wetting rate effects on 

the hydraulic conductivity of two Calcium vertisols. Soil Sci. Soc. Am. J. 64:1211-1219. 

3) Sijacobs D, I. Shainberg, I. Rapp and G. J. Levy. 2000. Polyacrylamide, sediments and 

interrupted flow effects on rill erosion and intake rate. Soil Sci. Soc. Am. J. 64:1487-1495. 

4) Sijacobs D, I. Shainberg, I. Rapp and G. J. Levy. 2001. Flow interruption effects on intake 

rate and rill erosion in two soils. Soil Sci. Soc. Am. J. 65: 828-834. 

It is hoped that the results of the field experiments in Kazakhstan (Appendix E) will be 

published in both, international and national journals. 

8) Project Productivity 

The project accomplished all the proposed goals. 



9) Future work 

The PI of this proposal thinks that extension of this project for 2 more years is needed. The 

objectives of this extension are: 

1) To publish in international journals the resulrs of the field experiments as described in 

Appendix E. The effect of surge irrigation on furrow erosion have not been documented in 

the literature. 

2) The results of the field experiment described in Appendix E are the result of only one-year. 

The experiments should be repeated two more years. 

3) The field experiments described in Appendix E were performed in one region and in one-soil 

types. More field experiments in different regions and on different soils must be done. 
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Flow Interruption Effects on Intake Rate and Rill Erosion in Two Soils 

D. Siacobs, I. Shainberg, I. Rapp, and G. J. Levy* 

ABSTRACT 
Efficiency of surface irrigation is often low because of poor infilm- 

tion uniformity, resulting from relatively long periads of infilhdtion 
at the upotre;lm endandshort periods ofidhationatthedowll(mam 
end of the field S q e  irrigation, the intermitken1 supply of water to 
hurows, generaly reducer soil intake rate (IR) and improva moisture 
uniformity over the entire field However, IR reduction varier from 
one irrigation seheme to another, depends on sail and water proper- 
ti* and iP d E d t  to predict A laboratory study aring miniflma 
was designed to investigate the effect of intempted flow on 1R and 
soil loss from short rills TWO soils differing in their tex- s sill 
loam (Wdc HaploxeralO derived *om lo- and a day sail (Typic 
Hnploxerert), were studied intake rate in the day soil ww greater 
than thatin thedltloamTherefore, differentinDovrster wereapplied 
to the two so% to achieve s i m h  tunoff flaw ntes from the two soik 
Cumulative in6ltration decreased from 646 mL in continuous flow to 
539 mL in intempted flow for the silt loam and from U42 to 1068 
mL in the day s o 5  Intempted flow also reduced muPative soil loss 
by 84% in the elsy soil but had only a small effect on soil loss from 
the silt loam. However, when flow rate vas in-ed from 80 to 320 
mL min-', intempted flow reduced soil loss in the silt loam as much 
as in the day soil. Comolidation of the soil surface and formation of 
cohesive force between soil partides of the silt loam with unrtable 
stmctme during flow intemption was suggated as the explanation 
for the effect offlow intemption on infale rate md  nail deladuoenL 
mere results need to be verified in Geld experiments 

URFACE IRRIGATION is the most used irrigation practice 
worldwide. However, water application efficiency S .  

of surface irrigation is low, typically 4 5 %  (Wolten, 
1992). Surge irrigation is the intermittent application of 
surface irrigation water (Stringham, 1988). It has the 
potential to increase f i t r a t i o n  uniformity of surface 
irrigation application by (i) increasing the advance rate, 
which decreases cross-field differences in infiltration o p  
portunity time, and (i) decreasing the IR at the u p  
stream end of the furrows to compensate for the longer 
idtration o~~ormni tv  times at these locations (Kemoer . . 
et al., 1988).- a 

The infiltration decrease caused by surge flow is 
highly variable, is not fully understood, and is dS6cult 
to predict (Izuno et al., 1985; Kemper et al., 1988, Trout, 
1991; Sam& et al., 1985). Many studies have been con- 
ducted to determine the mechanisms taking place during 
the intermittent off period of surge flow irrigation. Sev- 
eral basic phenomena have been recognized: 

L Moisture Redistribution in the Soil Profile. Durine 

bution is caused by the unbalanced capillary and gravita- 
tional forces acting on the water that has infiltrated. 
The redistribution process results in development of 
negative capillary pressure below the soil surface and a 
greater hydraulic gradient that increases water infiltra- 
tion during the succeeding water application in surge 
flow irrigation (Samani et al., 1985). However, Izadi et 
al. (1990) demonstrated that this effect is short lived 
and that the net effect over a practical period of off 
time is negligible. 

2 Consolidation of the Soil near the Furrow Perime- 
ter. Development of negative pressure at the soil surface 
during flow interruptions leads to consolidation of the 
soil near the furrow perimeter. Kemper et al. (1988) 
measured negative pressures of up to 500 cm H20 in a 
Portneuf soil (20% clay and 40% silt). The consolidated 
soil surface has a greater bulk density, lower porosity, 
and a lower HC; thus, even a thin consolidated layer 
can have a significant effect on reducin~ infiltration 
(Samani et a1.'1985). 

- 

3. Surface Seal Formation. Furrow erosion. and oarti- . . 
cle transport, and subsequent deposition and rearrange- 
ment also significantly reduce infiltration by decreasing 
the permeability of the surface layer (seal formation). 
During surface irrigation, soil aggregates are weakened 
or partially broken by wetting (Kemper and Koch, 
1966). Fast wetting disintegrates large aggregates into 
small aggregates, which then can be detached from the 
soil bed by the shear force of water and can be easily 
rolled along the bed of a furrow by moving water unul 
deoosition (Kem~er et aL. 1988). Trout (1991) observed 
a SO% rediction'of infil&tionbecad of &ace seal 
formation on the Pormeuf silt loam soil. Shainberg and 
Singer (1985) observed that depositional crusts (formed 
when turbid water infiltrates into soil) reduced the rate 
of water penetration by one to two orders of magnitude, 
and the magnitude of this decrease depended on soil 
properties and water quality. 

In addition, other mechanisms related mainly to bed 
load have been proposed to explain the effects of surge 
inigation on furrow IR: (i) filling of cracks that develop 
during flow interruption with bed load during the fol- 
lowing surge (Kemper et al., 1988); (i) greater sediment 
detachment and movement caused by more rapid ad- 
vance of the surge stream Front (Kemper et d., 1985; 
Trout. 1991); (i) forced deposition (and consolidation) 

the interruption of water a~plication. moisture redstriy of suspended sediment on the furrow perimeter when 

0. Sirjambs, L Shainberg. I. Rapp, and GJ. Levy, lastitute of Soil. 
Water and Environmental Sciences. ~ n r i d t u r a l  ~ a e a r c h  Omanira- ~ . ~ ~ - ~ ~ ~ ~ ~  
uon (ARO).The Volcani Gnter. P.O. Box 6, Bet Dagan 5mSO. Israel. 
Contribution Irom the AWculrural Research Organintion. The Vol- 
m i  Gnter. P.O. Box 6.  Be1 Dagan S02.50, Israel. no. 625/98 wries 
Received 21 ScpL 1998. 'Corresponding author (wguy&oleani. 

the water supply is interrupted (Kemper et al.. 1985); 
and (iv) air entrapment (Seymour, 1990) and its expan- 
sion upon rewetting (Jalali-Farahani et d., 1993). 

Miniflumes have been used to evaluate the interactive 
effects of flow characteristics, soil properties and water 
quality on rill erosion in the laboratory (Shainberg et 

agri.gov.il). - 
Published in Soil Sd. Soe. Am J. 65:828-834 (2M)l). Ahbrewations HC. hydraulic conductivity; IR intake rate. 
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al., 1994,1996). Rill erodibility data obtained with mini- 
flumes agreed well with field data (Shainberg et al., 
1994). Miniflume studies were also found to simulate 
well the effect of polyacrylamide (PAM) on furrow ero- 
sion in the field (Lentz e t  al., 1992; Shainberg et al., 
1994). Miniflumes were used by Shainberg et al. (1996) 
to study rill erosion in a loess and a clay soil; it was 
found that (i) rill erosion decreased with aging of several 
hours, (ii) the decease in erosion was more pronounced 
in the clay soil, and (iii) erosion depended on water 
content in the soil. These researchers postulated that 
aging and water tension enhanced clay to clay contacts 
and increased cohesive forces between soil particles, 
thus leading to the observed reduction in erosion. Appti- 
cation of these mechanisms to surge irrigation suggests 
that  the water tension that builds up during the off 
period of the surge may cause an enhanced reduction 
in erosion. 

It is hypothesized that interrupted flow will affect 
both soil IR and rill erosion, and that it can be evauated 
from laboratory miniflume studies. Thus, the objectives 
of our study were (i) to study the effects of continuous 
and interrupted flow on the IR and on rill erosion in a 
silt loam and a clay soil and (ii) to improve the under- 
standing of the mechanisms that cause interrupted flow 
to reduce rill erosion and IR in the two soils. I t  was 
assumed that the erodibities of the two different soils 
could be compared, provided similar runoff rates are 
maintained. 

MATERIALS AND METHODS 
Two calcareous soils were chosen for this study: asilty loam 

(Calcic Haploxeralf) from Nevatim, northern Negev, and a 
clav soil (Twit Chromoxeren) from Hafea-Haim. the Pleshet 
pl&ns. 1sriil. Samples of thecultivated layer (&&0 mm) of 
each soil type were brought to the laboratow. airdried. and 
crushed t o ~ a s s  throueh a 4-mm sieve. selected ohvsic2 and 

~ ~ ~~~~ r ~ ~ z ~ ~ ~ -  
chemical p;operties orthe soils are given in Table 1. Smectite 
was thedominant clay fype in the soils (40%). with kaolinite. 
illite, and calcite also piesent (Banin &d &el, 1970). The 
fact that the clay content and cation-exchange capacity in the 
clay soil were twice that in the silt loam indicated that the 
clay mineralogy in the two soils was similar. 

The experiments were carried out with a 05-m-long, 0.047- 
m-wide. and 0.12-mdeep flume; two 0.1-m-Iong V-shaped me- 
tallic rills were connected on both ends of each flume. The 
flume was placed at a 10% slope in order to maintain high 
flow shear force, hi& soil detachment. and hieh rill erosion. 
Water used in the e<periments was labdratory Gp water (elec- 
trical conductivity = 0.95 dS m-'; Na adsorption ratio = 25  

Table L Physical and chemical properties of the roils iwd 

Putidt-sire dkhdztbbn 

Sail Ckifimtion S m d  Sill 

g Lg-' 
sit I- Calde 413 342 225 

H~ploxullf 
C!ay roil Typic 438 W 406 

Chromoxeii;it- 

t Cation~xehaoge opadry. 
; Exdcmguble Nn percentage. 
5 Exchangnble K pemntagr. 
1 O r p i c  rnnner cootent. 

(mmol, L-I)"; Ca + Mg = 5 mmol, L-I; Na = 4 mmol, L-1; 
C1 = 6.2 mmol, L-I). 

Airdried soil was slightly compacted in the flumes to field 
densities of 1390 kg m" for the silt loam and of 1280 kg m-' 
for the clay soil. When dry, the volume of the dav soil was 
intentionally kept smaller than that of the silt loam.   ow ever. 
upon wetting and subsequent swelling, the h a l  volume of the 
wet clay soil in the flume was similar to that of the silt loam, 
and the wet bulk density of the silt loam and day soil was 
1390 and 12W kr! m". res~ectivelv. A V-sha~ed rill 144 mm 

~ 

wide and 22 mmheepj wi& a 93' angle betwien its sides was 
formed in the soil surface. Water was a~olied with a ~eristaltic . . 
pump to the upstream metallicrill,and runoff watercontaining 
sediment wascollected in beakersfrom thedowns- metal- 
lic rill. Runoff volume was measured hv weiehine the beakers - - ~~~ ~ 

andsediment content in the outfloww&determined by drying. 
Inflow and outflow rates were continuouslvremrded andaver- 
age IR for each minute of flow time was~caldated from the 
difference. Similarly rill erosion as a function of flow time 
was calculated. 

Each individual experiment was divided into two stages. In 
the first stage either continuous (control) or interrupted flow 
was applied. The control treatment consisted of4 min of flow; 
the interrupted flow treatment consisted of four cycles of 1 
min of flow and 10 min of interruption. Preiiminary studies 
on the effect of off time on rill erosionand IRin theminitlumes 
indicated that most of the chanees in IR and erosion were 
obtained in off periods of <5 I&. Thus it was assumed that 
an off time of 10 min would be suf6cient for the changes in rill 
erosion and IRcaused by flow intemption to becompleted In 
order to obtain a measurable outflow during the fint minute 
and to obtain similar runoff durine the consecutive 3 min the 
inflow applied to the clay soil anzthe silt loam were 32Ifand 
240 mL min", respectively. Because the IR in the day soil 
was higher than that in the silt loam, it took 57 s forth; frrst 
surge to reach the end of the rill in the day soil, and only 17 s 
in the silt loam. However, during the second, third, and fourth 
surges, the outfJow rates were similar in both soils because of 
the higher IR in the clay soil. Thus. the shear s t n s  of flo~ing 
water on the rill perimeter and stream transport capadtywere 
similar for both soils. 

The second stage of the experiment started immediately at 
the end of the 4-min flow in the w n m l  or after completion 
of the four cycles of interrupted flow in the interrupted flow 
treatment. At this stage, the innow was reduced to allow more 
precise measurements of IR and was applied mntinuously to 
simulate fieldconditions. Acontinuous inflow of100mLmin" 
for 10 min was applied to the clay soil, and a continuous innow 
of 80 mL min-' for 10 min was aoolied to the silt loam. Total 
inflow. outflow, and soil 10s we;e'recorded every minute for 
bothsoils.The wnds t aee  was terminated when themoisture 
h n t  reached a depth of;100 mm. and the soil layer at the 
bottom of the mininume remained dry. The length of the 

GCO. CECt ESPt EPPD OM1 

g kg-' rmoL kg-' -%- 8 kg-' 
J.84 17.7 11 9.1 21 
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second stage was estimated from preliminaw experiments . . 
done on the same miniOurnes packed with the same soils. The 
drv layer of soil at the bottom of the flume assured the pres- 
ence df the suction needed to consolidate the soil surface:~he 
suction was maintained at the bottom of the soil in the tlume 
to simulated the moisture profde prevailing under field con- 
ditions. 

Three replicates were performed for each of the soils and 
the two flow patterns. Each replicate consisted of a minitlume 
packed with a fresh dry soil sample. For each soil, the Honestly 
Significant Difference test (Tukey-Gamer, u = 0.05) was 
used to compare the means of the IR and rill erosion between 
the two flow patterns studied. Differences in the IR and d l  
erosion between the two soils could not be statistically ana- 
lyzed becaw inflow rates differed between the so&. How- 
ever, because the outflow in the hvo soils were similar, the 
flow shear force and the stream transport capacity at the down 
stream end of the rill were similar and rill erodibility of the 
two soils could be compared and discussed. 

RESULTS AND DISCUSSION 

Effects of Flow Type on Infiltration Rate 
in the Two Soils " 

The effects of interrupted flow on IR (obtained from 
the difference bemeen the inflow and the outflow rate) 
in the silt loam and the clay soil are presented in Fig. 
1. Intake rate in the clay soil was significantly greater 

i 2 3 4 s 6 7 a s i b i l i z l i i k  
Cumulative flow time (min) 

Fig. L b&e rate as a hct ion  of cumulative flow time for the day 
soil md sat loam i t  Stage 1 (a) and Stpge 2 (b) of the experiment 
For a given eumuhtive flow time, and ailhi. a rail, b m  lnbeled 
by the same leuer (lower care for the day sail and upper c a ~  for 
the silt laam) do not differ signifiastly at the 0.05 level. 

than that in the silt loam. The high IR in the clay soil 
(both the initial and thesteady state values) was ascribed 
to its aggregated structure and stable aggregates. A w e -  
gate stability of soils from semiarid regions generally 
increases with increasing clay content, since the clay 
acts as a cementing material, enhancing the formation 
and s t a b i t i o n  of aggregates (Kemper and Koch, 
1966). Stable aggregates lead to stable interaggregate 
macropores, which are responsible for the high IR (Ren- 
gasamy et al., 1984; Kay and Angers. 1999). Conversely, 
in the silt loam the low IR values (Fig. 1) were ascribed 
to its medium clay and high silt content (Table l), which 
resulted in a markedly less aggregated structure than 
that of the clay soil (Kemper and Koch, 1966, Ren- 
gasamy et al., 1984). Thus, difference in texture behveen 
the two soils was considered as the main reason for the 
large difference in IR between the two soils. 

The IR decreased with increasine cumulative flow 
time (Fig. 1). With increasing depth ofwater penetration 
in the soil profile, the hydraulicgradient, which provided 
the main driving force for water movement into the 
soil, decreased and IR also decreased. Reduction of IR 
between the first and the second minute in the continu- 
ous flow was more pronounced in the clay soil than in 
the silt loam (Fig. 1). This was probably due to (i) more 
water penetrating into the clay soil during the first mi- 
nute, leading to a lower hydraulic gradient and lower 
infiltration rate of water, and (u) more clay swelling 
and aggregate breakdown occurring in the clay soil, 
which resulted in a decrease in the size ofthe interaggre- 
gate macropores (Rengasamy et al., 1984, Kay and 
Angers, 1999). 

In the interrupted flow treatment, the first flow inter- 
ruption (i.e., off period) was effective in reducing the 
IR with the effect being similar (in relative terms) in 
both soils (Fig. 1, second minute). The second off period 
was effective only in the silt loam in reducing the IR 
compared with that of continuous flow. The effect of 
interrupted flow disappeared in the fourth and fiEth 
minute measurements (Fig. 1). the introduction 
of continuous low-rate inflow in the second stage of the 
experiment, the effect of interrupted flow in reducing IR 
became evident again (Fig. 1). Four cycles of interrupted 
flow reduced the final cumulative intake of the silt loam 
by 19% and that of the clay soil by 6% fig. 1). The 
effect of interrupted flow on intake rate was significant 
in both soils, but its effect was more pronounced in the 
silt loam. 

During the period of flow interruption, compaction 
and consolidation of the soil surface caused by the soil 
water tension most likely occurred, and the hydraulic 
conductivity of the soil surface is thus reduced (Kemper 
et al., 1988; Samani et al., 1985). More surface consolida- 
tion and a decrease in infiltration is expected in soils 
with weak structure such as the silt loam (Mullins. 1999). 
This conclusion was verified by a complementary exper- 
iment similar to the one described by Samani et al. 
(1985). In those experiments disturbed dry soil samples 
(100 g) of the silt loam or the clay soil were placed 
inside a funnel with a fitted disc ( 4 0 4  @ pores) in 
the bottom. The internal diameter of the funnel was 65 
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mm and the thickness of the soil samples was =22 mm. 
The funnel was connected to a plastic tube filled with 
water. Thesoil sample wassaturated from the bottom by 
raising the plastic tube. After saturation, the saturated 
hydraulic conductivity of the soil sample was measured 
by applying water to the top of the soil sample in the 
funnel and collecting the outflow from the end of plastic 
tube. After measuring the saturated hydraulic conduc- 
tivity, the same soil was drained to a tension of 20 an 
by lowering the plastic tube. At the end of the draining 
process, the soil sample was saturated again by raising 
the plastic tube and new saturated hydraulic conductiv- 
ity of the soil samples was measured. Finally, a tension 
of 50 cm water was applied, the soil sample was satu- 
rated, and saturated hydraulic conductivity following 
50-cm tension was measured. Under no tension the hy- 
draulic conductivities of the silt loam and clay soil were 
11.8 and 55.6 mm h-', respectively. When a tension of 
20 cm H20 was applied, the hydraulic conductivities of 
the silt loam and the clay soils dropped to 0.69 and 0.94 
of the reference values. When the silt loam and clay 
soils were exposed to 50 ern suction, the hydraulic con- 
ductivity dropped to 0.5 and 0.73 of the values at no 
tension, respectively. The silt loam hydraulic conductiv- 
ity was more susceptible to the effect of water tension 
than the clay soil. 

The low IR (Fig. 1) and low hydraulic conductivity 
of the silt loam suggests that its fraction of water-con- 
ducting pores was small and a higher soil water tension 
could develop before air penetrated the soil surface 
(Kemper et al., 1988). Thus, the more pronounced ef- 
fects of interrupted flow in the silt loam. compared with 
the clay soil, is explained by both a greaterconsotidation 
of the soil surface and a greater tension that can develop 
during the off period. 

Aggregate disintegration by fast wetting may have 
also contributed to the beneficial effect of interrupted 
flow in the silt loam. Rapid advance of the stream front 
increases aggregate disintegration and seal formation. 

Conversely. when soils are wetted slowly, entrapment 
and subsequent explosion of entrapped air is limited, 
and soil structure is maintained (Kemper et al., 1985, 
1988). Fast prewetting predominated in the silt loam, 
where the 0.5-m-long furrow was wetted in 17 s, com- 
pared with 51 s for the clay soil. 

Opposing Effects of Intempted Flow 
Applying flow in surges should have'two opposing 

effects on IR: (i) water tension that is developed during 
the off period consolidates the soil surface and reduces 
the IR; and (i) reduced intake leads to an increase in 
the hydraulic gradient in the soil prome, which in turn 
increases the IR (Izadi et al.. 1990; Izuno et al., 1985). 
In our study the effects of interrupted flow on reducing 
the IR decreased with flow time (Fig. 1). Similar obser- 
vations were made by Izuno et al. (1985). whoconcluded 
from field data that the inliltration decrease with surge 
irrigation occurred in the first cycle only. No further 
reduction in infiltration rate was observed in subsequent 
surges of a given imgation (Izuno et al., 1985). The 
disappearance of the effect of flow interruption on IR 
with flow time is explained by the fact that less water 
infiltrated during subsequent interrupted flow. This is 
demonstrated in Fig. 2, where DR is presented as a func- 
tion of cumulative intake for both continuous and inter- 
rupted flow. Comparing LRs of continuous and inter- 
rupted flow for both soils at identical cumulative intakes 
(e.g., during the second minute of water application; 
Fig. 2) revealed that the intake rate in the interrupted 
flow treatment was smaller than in the continuous flow 
treatment. Conversely, in the thkd minute of water a p  
plication, less water penetrated the soil in the inter- 
rupted flow treatment, and the effect of interrupted flow 
on intake rate became less pronounced in both soils 
(Fig. 2). The suction that developed in the interrupted 
flow treatment (due to the smaller cumulative intake) 
was high enough to cause an increase in the IR. Conse- 

- - 
c l q ~ l - o - ~ h  

--b 
S i k h  -S--b - - '= 250- 

-=-rmnruprrdh .- 
-1 

0 2W 4W MX) 8W .- loo0 12W 

Cumulative intake (mL) 
Fig. 2. Intake n t e  ce a lundon o l~mula t ive  intake lor the silt loom and day soil. The '1' on ncb curre indimto blmition &om S!age 1 to 

Stage 2 of the experiment. 
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quently, the IR in the interrupted flow treatment in- 
creased to a level similar to that in the continuous 
flow treatment. 

The favorable effect of interrupted flow in reducing 
the IR reappeared for both soils when flow rate was 
reduced (Fig. 2). During the continuous low flow (80 
and 100 mL min-' for the silt loam and the clay soil, 
respectively), flow was limited to the bottom of the rills 
as predicted by the Manning equation (e.g., Shainberg 
et al., 1994). This part of the rill perimeter was more 
affected by panicle deposition and soil consolidation 
caused by the interrupted flow,and had a lower HC 
than the upper part of the wetted perimeter. Thus, con- 
centrating the flow in the bottom of the rill, where the 
effect of interrupted flow is more pronounced, caused 
the reappearance of the interrupted flow effect (Fig. 2). 

Effects of Soil and Flow Type 
o n  the Erosion Process 

Effects of continuous and interrupted-flow on rill 
erosion rate for the silt loam and the clay soil are pre- 
sented in Fig. 3. For both soils, most of the erosion took 
place during the first 4 min (Stage 1 of the experiment), 
when high flow rates (240 and 320 mL min-1 for the silt 
loam and clay soils, respectively) exerting high shear 
stresses (Shainberget al., 1994) were used. In the control 

Cumulative flow time lminl -.  . 
Fig. 3. Emion rate as a function of cumulative flow time for the day 

roil and silt loam at Stage 1 (a) and Stage 2 @) ofthe experiment 
For a eiveo Nmuhtive flow time nnd withi. n J O ~ L  bnn labeled 

~ ~ 

by the-we letter (lower - for'the day roil and upper case for 
the loen) do not diEer rigoiS-tty at the 0.05 level. 

treatment (i.e., continuous flow), rill erosion in the clay 
soil was one to two orders of magnitude greater than 
that in the silt loam (Fig. 3). 

The rill erosion in the two soils can be compared, 
despite the difference in inflow rate (240 and 320 mL 
min-I), because runoff flows in the two soils were simi- 
lar. The IRs in the clay soil exposed to continuous flow 
during the second, third, and fourth minute of Stage 1 
were 145,105, and 90 mL min-' (Fig. I), which resulted 
in respective runoff flow of 175,215, and 230 mL min-I. 
Similarly, for the silt loam the IRs were 90,6j, and 55 
mL min-' for the second, third, and fourth minute of 
the first stage (Fig. 1). and the corresponding runoff 
flows were 150,175, and 185 mL min-'. Runoff in the 
clay soil were only slightly higher than runoff from the 
silt loam, and a comparison between the rill erodibilities 
of the two soils was possible. The fact that under these 
conditions inklow rate and shear stress at the upper end 
of the flume were higher in the clay soil than in the 
silt loam cannot explain the observed differences in rill 
erosion between the two soils. Shainberg et al. (1996) 
used similar inflow rates and observed greater rill ero- 
sion in the clay soil than in the silt loam. 

The differences in runoff between the two soils could 
not explain in full the differences in rill erodibility of 
the two soils (Fig. 3). Thus, the higher erodibility of the 
clay soil was ascribed to the weak cohesive forces that 
existed between the aggregates (Shainberg et al, 1996). 
Aggregate stability increases with increase in clay con: 
tent (Kemper and Koch, 1966). Soils with high clay 
content, such as the one used in our study (Table I), 
have stable aggregates and high interaggregate macro- 
porosity (Rengasamy et al., 1984;Kay and Angen, 1999) 
leading to greater distance and fewer contacts between 
adjacent aggregates. The larger distance between a s e -  
gates contributes to weak cohesive forces among the 
aggregates, which in turn makes the aggregates more 
susceptible to detachment from the soil surface. This 
may explain the higher erodibility of the clay soil com- 
pared with the silt loam. Our results seem not to agree 
with many observations suggesting that clay soils are 
less erodible than silt loams (e.g., L a e n  et al., 1991; 
Ben-Hur et al., 1985). Studying the effect of clay content 
on crusting, runoff, and erosion in soils exposed to simu- 
lated rain. Ben-Hur et al. (1985) found that s o b  with 
20% clay were susceptible to crusting and that soils with 
higher clay content had more stable aggregates and less 
runoff and erosion. The low erosion in clay soils was 
because of low runoff. When soil erosion from two soils 
with similar runoff is compared, as in the conditions of 
this study, erosion from the clay soil may exceed erosion 
from the silt loam. 

The first flow interruption of 10 min significantly re- 
duced the erosion rate of the clay soil compared with 
that obtained in continuous now (second &nute. Fig. 
3). 'Ihi decrease in erodibilitv of the clay soil durine the -,~ 
first flow interruption bec&e even &re prono&ced 
during the subsequent surge cycles (Minutes 3-5, Fig. 
3). Four flow interruptions, each of 10 min. had a lasting 
effect on the rill erosion of the clay soil during the 
following 10 min of continuous flow (Fig. 3). In the 
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clay soil interrupted flow reduced cumulative erosion 
by 84% (Fig. 3). 

Rill erosion in the silt loam exposed to i d o w  of 240 
and 80 mL min-' was too small for accurate measure- 
ment, and for evaluation of the effects of interrupted 
flow on erosion (Fig. 3). Thus, a complementary experi- 
ment was performed. Following the continuous and in- 
terrupted flow in Stages 1 and 2, the miniflumes with 
the silt loam were exposed to an additional 3 min of 
continuous inflow of 320 mL min-I. Amount of erosion 
obtained in these last 3 min in the silt loam decreased 
from 42.6 gin the continuous flow to 7.6 gin the inter- 
rupted flow treatment. Evidently, the silt loam was less 
erodible than the clay soil, but when the silt loam was 
exposed to high flow rate, interrupted flow reduced 
rill erosion to 18% of the erosion in continuous flow. 
Interrupted flow in the silt loam was as effective in 
reducing rill erosion as in the clay soil. 

The observed effects of interrupted flow on rill ero- 
sion can be attributed to two mechanisms that are active 
during flow interruption. First, the suction developed 
at the soil surface during the off period pulled the soil 
particles closer together and increased the cohesive 
forces between the surface particles and reduced erosion 
rate (Kemper and Roseneau, 19% Shainberg et al., 
1996). Second, aging (four periods of 10 min) increased 
the cohesive forces between soil particles (Kemper and 
Roseneau, 1984). These authors postulated that slightly 
soluble components diffusing to and cementing points 
of contact between particles were responsible for the 
bonding mechanism of the cohesive forces. Realizing, 
that net attractive forces acted between clay edges and 
clay surfaces, and also between clay surfaces with high 
charge densities, Shainberg et al. (1996) suggested that 
under conditions of high water content supplemented 
by an adequate agingperiod, clay to clay contacts occur, 
andclay cementing was responsible for the development 
of a cohesive structure that resisted rill erosion. 

Interrupted flow reduced cumulative erosion in the 
two soils to <20% of the erosion in continuous flow. 
These results suggested that surge irrigation can be con- 
sidered as an effective management tool for the control 
of furrow erosion problems in surface irrigation. 

SUMMARY AND CONCLUSIONS 
Effects of interrupted flow on rill erosion and IR of 

a silt loam and a clay soil were studied. Interrupted 
flow reduced the IR in both soils compared with that 
obtained with continuous flow.This reduction in IR was 
more effective in the silt loam because of its unstable 
structure than in the stable structured clay soil. The 
effect of interrupted flow in reducing the IR decreased 
with increase in the number of flow G l e s  and depended 
on soil m e .  Interruoted flow consolidated the soil sur- .-- -~ 

face ani'reduced &e depth of water that~%ltrated. 
Eventually, the higher hydraulic gradient created by the 
interruptedflow (due to the reduced depthof infiltrating 
water) compensated for the consolidation of the soil 
surface, and the favorable effect of interrupted flow on 
decreasing IR vanished. 

Rill erosion in the clay soil was higher than rill erosion 

in the silt loam. However, interrupted flow reduced rill 
erosion in both soils and to a similar degree. Row inter- 
ruption reduced rill erosion to 16 and 18% of the rill 
erosion in continuous flow for the clay soil and silt 
loam, respectively. 

Our results show that, unlike many studies have 
shown for interrill erosion, rill erosion is higher in clay 
soil than in silt loam. However, the results also suggest 
that interruption of flow might be considered as an 
effective management tool in surface irrigation to en- 
hance infiltration uniformity and for the control of fur- 
row erosion in the two soil types. 
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Hydraulic Gradient, Aging, and Water Quality Effects on Hydraulic Conductivity 
of a Vertisol 
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ABSTRACT 
Aging, d e s t e d  by an increase with time of the a g r e p l e  me- 

ehnnical strength, har been reported recently to afied the response 
of a soil to water qualify. However, experimenIal evidence demon- 
skating ik  effed On the hydraulic coadoctivify h laddng. We present 
the remlO of aging, hydraulic sadienr and water auaiitv effecu om . . 
the satwaled h ~ ~ ~ e o n d u c b ' v i t ~ o l d i r m r b e d s ~ ~ c f i t i c ~ i l r a m ~ l e s  
(A horhon,ChmmicHaploxeren).lheeITectn orhro hgdrnulicgmdi- 
en6 (29 and Uf Md hr0 leaching dmt iom (3-4 &d 20 h)-were 
t&ed. Soil coxseatirely leached with 05, 0.05, O.Ol, and 0.003 M 
CI- solotiom Wa adsorption ratio, S A R  = 10) or 05.0.01 M CI- 
solotiom and deionized water (SAX = 0). l h e  sntwated hydmnlic 
conductivity ofthe roil decreased with an increase in soil e x h g c a b l e  
Napemntlge and a decrease in total electrolyte concentmtiaa Also, 
the relatire hydraulic conductivity of the soil deerenred fmm l.1 
to 034 when subjected to a high-hydraulic gradient keatmenf and 
snbreqnenlly haeased to 232 under prolonged les&g m'th 0.01 
M CI- solotion of S A R  = 0. lbir d e c m e  lrar atkiiuted to the 
compression of day partides at the column outlet The mbseqvent 
in-in hydraulieconductivitJnrr Prcrlbedto&okapicrtabilba- 
tion of the day fabric and cohesive bond development The effects 
afhydradcgmdientand agingwerelespronoonredinsoil inequilii 
rim with solution Of S A R  = 10 becaw the higher d d f y  i n d  
the repulsion forces behveen day partides, thus d o d n g  day-to- 
day contact. Some practical marequenceswerrpomdated concemiog 
agi~lg effed onder 6eld conditions 

CONDUC~IV~IY of soils is related to the 
composition and concentration of exchangeable 

cations and soluble electrolytes (Quirk and Schofield, 
1955). The hydraulic conductivity of soils decreases with 
an increase in soil exchangeable Na percentage ESP) 
and a decrease in the toial electroiyte concen&ation 
of the soil solution. Two main mechanisms have been 
urovosed to explain the reduction in hvdraul; conduc- 
&ity, namely day swelling and day &penion (Quirk 
and Schofield, 1955). 

Clay swelling is &entially a reversible process and 
may lead to a significant narrowing of the conducting 
(effective) pores. It is not greatly affected by low ESP 
values (<lo-15). but it increases with an increase in 
ESP or a decrease of the total electrolyte concentration 
of the interclay solution (Oster et al., 1980). 

Clay dispersion takes place throughout the entire Na 

ainberg, and G. J. Levy 

adsorption ratio (SAR) range provided the total electro- 
lyte concentration is below the critical flocculation con- 
centration (Oster et al., 1980). The critical flocculation 
concentration is defined as the minimum electrolyte 
concentration necessary to floaulate a given colloidal 
suspension in a given time (van Olphen, 19i7). Clay 
dispersion increases with (i) increasing soil ESP and soil 
pH (Suarez et al., 1984) and (u) decreasing oxides or 
hydroxides content (Alperovitch et al., 1985) and or- 
ganic matter content (Gupta et al., 1984). Clay mineral- 
ogy, nature of the exchangeable cations other than Na, 
and the presence of organicor inorganic anions (Frenkel 
et al., 1992) also affect clay dispersion. 

Recently, several authors have reported that the re- 
sponse of a soil to water quality was also affected by 
timedependent variables. The effects of aging duration, 
water content, and temperature during aging on a w e -  
gate stability, infiltration rate, and erosion have been 
discussed by Blake and Gilman (1970). Kemper and 
Rosenau (1984). Le Biiomais and Singer (1992). 
Shainberg et al. (1996). and Levy et al. (1997). It has 
been suggested (i) thatthe biding of soil partides is 
independent of organic maner content and of the activ- 
ity of a viable microbial population @lake and G i a n ,  
1970; Kemper et al., 1987); (iu) that chemical processes 
involving precipitation of CaCO, and silica might be 
responsible for particle binding (Kemper et aL, 1987); 
(iii) that physicachemica1 forces behveen day platelets. 
such as face-to-face and edge-to-face forces, might he 
responsible for the development of cohesion forces 
(Shainberg et al., 1996); (iv) that day movement and 
reorientation, which increases with an increase in water 
content, Brownian motion (aging temperature), and 
clay content, might control the rate of cohesive fo rm 
develovment (Shainber~ et aL. 1996). These simificaot 
thixoGpic cb'anges were observed'within 20-to 33 h 
for artificial amreeates made from Webster dav loam - - 
(34.9%) (Blake and Gilman, 1970) and in aggregates of 
a vertisol (465%) following 24 h of aging (Shainberg 
et al., 1996). In addition, a positive correlation has been 
demonstrated between clay content (number of day-to- 
clay contacts) and aggregate stabilily in arid and semi- 
arid soils where clay plays a major role in the cohesion 
of lareer oarticles (Kernwr and Koch, 1966). A similar - . 
conclusion was d r a m  b;siger et aL (1992 jconceming 

M.Moutier.Univenitl Catholique de louvain.Unit.4 de Genic Rural, the strong dependence of aggregate on the clay Place Crok du Sud 2, Bte 2. B-1348 Louvain-la-Neuvc, Belpjum. I. 
Shainberg and GI. ~ e v y ,  ~nstintte of SO* and water, ~ g n ' d , , , ~ ~ ~  mineralogy and clay content; an increase in clay content 
Research Organization (ARO). The Volcani Center. P.O. Box 6. (especially kaolinite or smectite) resulted in an in- 
Bet-Dagan 50-250, IsraeL Contribution from Agn'cultural Research creased aggregate stability. 
Organization (ARO), The Vofcani Center, P.O. Box 6. Bet-Dagan 
SO-250. IsraeL no ZB7 -E 1997 series. Received 6 Aug. 1997. *Cone- An increase with time of the aggregate mechanical 
sponding author (moutie@geru.ucl.acbe). 

Abbreviation% EC. elecMcal conductivity: ESP, exchangeable Na 
Published in Soil Sci. Soc. Am. J. 6214%-1496 (1998). percentage; SAR. Na adsorption ratio. 
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strength (aging) will affect the hydraulic conductivity; 
however, experimental evidence demonstrating its ef- 
fect on the hydraulic conductivity is lacking. It is also 
hypothesized that an interaction might exist between 
aging and the conditions that could be applied for the 
hydraulic conductivity measurement. Thus, the follow- 
ing study was designed to establish and define the effects 
of the hydraulic gradient, leaching duration, and water 
quality on the hydraulic conductivity of a disturbed 
smectitic vertisol. 

THEORETICAL BACKGROUND 
Particle Arrangement and Microstructure 

in Smectitie Soils 

In soils, these microstructures are associated to form 
micro- (<250 pm) or macro- (>250 pm) awegates 
(Fig. 1). Coarse pores, i.e., transmission pores (250 pm) 
and storage pores (5M) nm to 50 pm), occur in macroag- 
gregates and. in particular, in sections where microag- 
gregates join. Transmission pores di ier  from storage 
pores in the capability of the latter to retain water 
against gravity. Because of the small sizes of the inter- 
crystalline (2-5 nm) and interdomain (1-2 pm) pores 
in comparison with that of the transmission pores, it is 
assumed that most of the water flow in soils takes place 
in these transmission pores. 

Effect of the Hydraulic Gradient on the Hydraulic 
Conduetjviky of a Compressible Porom Medium 

Sodium-smectite particles in dilute solutions occur as When a pressure difference, i.e.. a hydraulic gradient, 
sinele olatelets with mutual reoulsion forces oredicted is aoolied across a compressible clay medium, the pres- 
by yhehiffuse double-layer thebry (van Olphkn, 1977). 
Smectite clay panicles saturated with Ca2+ and MgZf 
form tactoids (Blackmore and Miller, 1961) 
crystals (Quirk and Aylmore, 1971) even in dl 7 ute quasi- salt 
solutions. Quasicrystals are packets of 5 to 10 platelets 
arranged in a more or less parallel alignment (face-to- 
face arrangement). The number of platelets per quasi- 
crystal depends on the clay ESP, the total electrolyte 
concentration, the layer charge, the clay concentration, 
and the consolidation or air drying pressure applied to 
the system. 

An association of several quasi-crystals is referred to 
as a domain (Aylmore and Quirk, 1959). and is consid- 
ered in our study as the structural unit of the clay fabric 
(Fig. 1). A domain consists of overlapping or interleav- 
ing quasi-crystals. This overlapping generates an assem- 
bly of slits and of wedge-shaped voids, with widths in 
the range of 2 to 5 nm, referred to as the intercrystal 
or intradomain porosity (Murray and Quirk, 1990). 

The domains can be held together by various ce- 
menting materials, e.g., sesquioxides, organic matter, 
or carbonates (Emerson and Greenland, 1990) and by 
domain bridging, which generates an open microstruc- 
ture enclosing 1- to 2-pm pores. These pores constitute 
the interdomain porosity. Such microstmctures were 
examined by Tessier (1984) using electron miwcopy.  

surk'difference will the quasicrystals towar2 the 
low-pressure side (Kemper et al., 1972) (Fig. 2b). How- 
ever, the forces tending to concentrate the clay particles 
on the outflow side are opposed by the electric double- 
layer repulsion force, also called the swelling pressure 
of the particles, which increases as the quasicrystals are 
pushed closer together. At a steady state, the applied 
hydraulic gradient is balanced by the swelling pressure 
gradient and the steady-state solution flow is explained 
in terms of an electro-osmotic gradient (Kemper et al., 
1972). In an incompressible porous medium exposed to 
a hydraulic gradient, the particles are held in place by 
solid-to-solid contact, and all particles remain in their 
initial positions (Fig. 2a). The pores at the outflow side 
remain essentially the same size as those at the i d o w  
side, and solution flow is determined by the hydraulic 
gradient. However, in an expandable clay soil (e.g., ver- 
tisol), which is not considered an ideal compressible 
medium, the application of a hydraulic gradient can lead 
to a physical compression of the clay fabric This, in 
turn, will result in the narrowing of all pores at the 
outlet of the column, including the water nansmitting 
ones, whereas the pores at the inilow side will remain 
largely unaffected. 

These changes affect the hydraulicconductivity across 
the soil column: as the hydraulic gradient across the soil 

clay matrix silt-size particle quasi-crystal 

sand-size particle 
2-5 nm 

microaggregate - network of domains - clay particles 
Fig. 1. Schematic represenlation of partide arrangement and miaartruchue in smectitic roils 
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porous plate 1 clay'platelets porous plate 
suppotling granules 

a) incompressible media b) compmsible media 
Fig.2 Effed of a prersure differential (initial P-, - ini- P-Y1 applied across (a) sn incomprstble and (b) nn id& 

compressible poroos medium during presslueindueed hydraulic nor (born Kemper et aL, WT). 

column increases, so does the compression at the lower mately 10 to 20 pore volumes were passed through the column 
end of the column. The hydraulic c o n d u ~ v i ~  in this in order to equilibrate the exchange phase of the soil with the 
region decreases and, subsequently, so does tqe average com~osition of the solutio~. Pore volume was calculated by 
hydraulic conductivity of the soil column ( K ~ ~ ~ ~ ~  et sub~c t i ng  thevolume of solidMI~from the totalbulkvolume 

d., 1972). AL, where is the mas  of air-dried soil, p, density of solid 
particles (265 Mg m-'), A the a ~ s s - ~ o n a l  area of the soil 

MATERIALS AND METHODS 
column (m3, and L the lengfh of the soil column. 

Following this conditioniog, the flow rate was measured 
The effects of hydraulic gradient, leaching duration, and and the saturated hydraulic conductivity was calculated using 

water quality on the hydraulic conductivity (K) were studied Darcy'S law: 
at constant room temperature on disturbed, air-dried, and K = -  sieved soil (C2 mm). These experimental conditions were a vlVH [I] 
reasonable compromise behveen the use of atti6cial agge- where v is the water flux, ie., the volume of solution passing 
gates reconstituted from completely disintegrated soil samples through unit moss-sectional area of soil per unit time [d m-' 
(Kemper et al., 1987) and larger awegates generally used in s-'1; and VH the hydraulic gradient [-I, which is constant 
infiltration studies (Levy et al.. 1997). Disturbed samples of throughout theexperimenLSaruratedhydraulicconductiviti~ 
a smectitic soil (Chromic Haploxerert) were taken from the calculated at the end of the conditioning (05 M (3-) were 
A horizon (0-25 cm) of a cultivated field in the Y i e e l  Valley, taken as reference values (&). Thereafter, the soil columns 
Israel. Samples were characterized using standard methods were successively leached with 0.05,0.01, and 0.003 Ma- for 
(Klute, 1986; Page et al., 1986). The clay and silt contents of SAR = 10 and solutions of 0.01 M (3- and deionized water 
this soil were 703 and 143%. respectively; its cation exchange for SAR = 0. The effect of leaching duration, allowing agkg 
capacity was 555 cmole kg-' dry soil; and it contained 123% to take place, was evaluated by comparing shon leaching (3-4 
CaCO,. Organic matter content (45%) was determined by h) with long leaching (20 h). % experimental choice was 
the "loss on ignition" method (Ben-Dor and Banin, 1989). based on previously published data (Kemper and Koch. 1%6; 

Soil columns were prepared by packing 120 g of sieved, air- Blake and G i .  1970; Shainbeq et aL, 1996). 
dried soil into small cylinders (5.4 cm in diameter) resulting During leaching, the effluent was collected mntinuously 
in an average dry bulk density of 134 2 1.79 x lo-' Mg m-I with a fraction collector. ?be volumes of the leachates and 
(21 standard deviation). The soil columns were cqvered with their EC were measured Each ueatment was duplicated ex- 
a filter paper to minimize surface disturbance when solutions cept one that was triplicated @igh hydraulic gradient, long 
were applied. Basal support of the column consisted of a leaching, SAR = 0). Results were analyzed by one-way d y -  
rubber stoDoer with a hole to accommodate an oumow Nbe sis of variance using  aired Student I-test (comparison of two 
and asaegdcoveredwith acid-washed sand (35 g). Rewetting means with unkno% but equal variaocej. side &, -cd 
was done by saturating the soil column using a Mariotte bottle between treatments. the hydraulic mnductivity for a given 
placed at the bottom of the dry soil. Solutions of 0 5  M Ci', ueaunentwasenpresredinlennsofrelative hydraulicconduc- 
containing NaCl and CaC12, of predetermined SAR (0 or 10) tivity K, given by the ratio of sanuated hydraulic mndunivity 
were used for prewetting. Upon wetting, the clay soil swelled calculated for a given solution to the respcdve K, ulculated 
to an averaee wet bulk densitv of 0.W I 4.42 x 10-2 Me for the 0 5  M CI- solution of identical SAR ~ ~ - - ~-~~ , .. .~. . . - .. .- -. 
m'. During the prewetting procedure, the length of the so i  
column increased from an-average of 3.9 2 5% x lo-' cm 
in the dry state to 5 3  r 1.69 x lo-' cm in the wet state. 
Duringthe experiment. the soil length was regularly measured. 

Following saturation, the flow direction was reversed and 
the column was leached using a constant-head device. Two 
hydraulic heads were applied: low (a153 cm) and high (-63.8 
cm) hydraulic head. These heads corresponded with hydraulic 
gradients of 2.9 and 12.3, respectively. Columns were first 
leached with the0.5 MCI-solution of SAR = 0 or 10. Approxi- 

RESULTS AND DISCUSSION 
Vertisol in Equilibrium with Sodium Adsorption 

Ratio = 0 Solutiom 
The effects of the total electrolyte concentration (0.01 

M C1- and deionized water)-on the relative hydraulic 
conductivity in the SAR = 0 treatment are presented 
in Fig. 3. The final corresponding absolute values of K 
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The effect of leaching duration on the K was further 
demonstrated when the vertisol was exposed to a low 
hydraulic gradient (Fig. 3a). Leaching the soil with 0.5 
M Cl- solution was continued for 20 h (10-20 pore 
volumes), during which the K of the soil increased 
slightly (data not presented), suggesting that some stabi- 
lization of the soil structure had already occurred at the 
conditioning stage. When the 0 5  M Cl- solution was 
replaced with a 0.01 M Cl- solution at a slow flow rate, 
K, increased from the very beginning, indicating that 
s t a b i t i o n  of the soil structure continued (Fig. 3a). 
This phenomenon was contrary to the commonly ob- 
served trend: a decrease in K (due to swelling of quasi- 
crystals) has been noted on replacement of a concen- 
trated solution with a more dilute one (Quirk and Scho- 
field, 1955; McNeai and Coleman. 1966). It should be 
clear that under the low hydraulic gradient, as with the 
high hydraulic gradient, sweUing and physical compres- 
sion of the soil at the bottom of the soil column took 
place, but their adverse effects were outweighed by the 
favorable effect of the development of coh&?n forces 
in increasing K. 

The rate of increase in K, under the low hydraulic 
gradient seemed similar to that observed with the high 
hydraulic gradient except for the fact that the ascending 
part was displaced by 30 pore volumes (Fig. 3a). In the 
low-hydraulic gradient treatment the soil column was 
leached with only 30 pore volumes of 0.01 M CI- solu- 
tion compared with 110 pore volumes in the high- 
hydraulic gradient treatment because of the lower rate 
of water flow in the low-hydraulic gradient treatment. 
Plotting the hydraulic conductivity as a function of cu- 
mulative time, for the two treatments, indicated that 
the rate of increase in K, was lower in the low-hydraulic 
gradient treatment than in the high-hydraulic gradient 
treatment (Fig. 4a). The high rate of hydraulic conduc- 

2.2 

-0- La. P-J= gndonl.cmp lDvlap 
+ H* w~ds pndont.*n 
+Hqnbdm"Lc-*maleshm I - .  

0.0 I 
I I I 

0 400 800 1200 
Cumulative time (min) 

tivity increase in the high-hydraulic gradient treatment 
was attributed to the close packing of the clay fabric 
structural units at the outflow end of the soil column, 
and would accelerate the formation of clay-to-clay con- 
tacts and bonds. 

When the 0.01 M CI- solution of SAR = 0 was re- 
placed with deionized water, K, decreased, irrespective 
of the hydraulic gradient and the duration of leaching 
(Fig. 3b and Table 1). In deionized water, either clay 
dispersion or swelling could be responsible for the 
changes in the K. However, clay was not observed in 
the leachate, and since the EC of the leachate (0.04-0.07 
dS m-') was above the aitical flocculation concentra- 
tion of Ca-montmodlonite (025 mol. m-3 (van 01- 
phen, 1977) and that of Ca-soil (Goldberg and Forster, 
1990). no macromovement of dispersed clay was likely 
(Fig. 3b). Thus, swelling was considered to be the main 
mechanism responsible for the decrease in K, Since 
steady-state EC values were obtained during the pas- 
sage of the first two pore volumes and the deerease in 
K, continued during the passage of 20 to 120 pore vol- 
umes (Fig. 3b) or 8 to 24 h (Fig. 4b). it is evident that 
clay swelling is a slow process (Keren and Singer, 1988). 

Figure 3b suggests that the rate of decrease in Kin 
the soil columns exposed to high hydraulicgradient was 
slow compared with that in the low-hydraulic gradient 
treatment. However, when K. was plotted as a function 
of time (Fig. 4b), all treatments showed a similar rate 
of decrease in K, This similarity supports the conclusion 
that swelling was the governing mechanism responsible 
for hydraulic conductivity decrease. 

A comparison between the hydraulic conductivity 
curves for short and long leaching treatments with de- 
ionized water (Fig. 3b and 4b) supports our conclusion 
that aging stabilized soil fabric and reduced the suscepti- 
bility of soil upon leaching with deionized water. After 

2.4 4 b) Deionized water 

0.0 "'L 
0 400 BOO 1200 1600 

Cumulative time (min) 
Fig. 4. Relative hydraulic mndudvin'e. m a function of cumulative time for Ule Chromic Haplaremlt qui l in ted  4 t h  ralutionr ofSAR = 0, 

conremtirely leached with (a) 0.01 .V C1' and (b) deionized mter. n r e t  rombimtionr were tested: high bydnalic pdienl- long ludu'ng; 
low hydnulic pdient - long  leaching; low hydraulic gndient-shon lathing. 
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short leaching, K, in deionized water decreased to 0.3 
in 600 min. Despite the quick drop in K. in soil columns 
under exposure of a high-hydraulic gradient treatment, 
Kc was maintained at 0.6 (Fig. 4b). In addition, the long- 
leaching with a solution of 0.01 M C1- stabilized the 
soil structure so much that the response of the Chromic 
Haploxerert (A horizon) to leaching with deionized wa- 
ter was independent of the hydraulic gradient (Fig. 4b). 

The hydraulic conductivity at the beginning of leach- 
ing with deionized water was somewhat higher than that 
at the end of leaching with the 0.01 M C1- solution, 
especially in the long-leaching treatments (Fig. 3 and 
4). Many experiments showed that stopping the flow 
for a short time resulted in a jump in K,. Changing 
solutions necessitates stopping the solution flow for 
short periods, which releases the pressure difference 
across the soil column (Fig. 2b), and causes a more 
uniform distribution of soil particles, which, in turn, 
leads to an increase in K. The magnitude of the increase 
in K depends on the hydraulic gradient: the higher the 
hydraulic gradient, the more pronounced is the iwease 
in K of the soil when the flow is stopped. Indeed, in 
ourstudies (Fig.3 and4),stopping the flow andreleasing 
the pressure in the high-hydraulic gradient treatment 
had a greater effect on the increase of K than stopping 
the flow in the low-hydraulic gradient treatment. 

surfaces of the quasicrystals (Glaeser and Mering, 
1954). Introduction of Na ions on the external surfaces 
of the quasi-crystals induces swelling of the quasi-nys- 
tals and the domains, at the expense of the conducting 
pores (Fig. 1). In addition, the high swelling pressure 
between quasi-crystals in SAR = 10 solution opposes 
the hydraulic gradient forces tending to push the clay 
particles closer together (Fig. 2b); therefore, the de- 
crease in hydraulic conductivity due to hydraulic gradi- 
ent should be less pronounced in SAR = 10 solutions. 

The effects of the total electrolyte concentration 
(0.05, 0.01, and 0.003 M Cl-) on K, in the SAR = 10 
solutions are presented in Fig. 5. The corresponding 
absolute values of K calculated at the end of each leach- 
ing period and their standard deviations are summarized 
in Table 1. The KU values in soil columns subjected to 
low hydraulic gradient were si@cantly higher (0.05 
level) than in those soils subjected to high hydraulic 
gradient (Table 1). This was attributed to two mecha- 
nisms. First, under low hydraulic gradient, leaching with 
the 0.5 M Cl- solution (conditioning) was slow and the 
development of cohesion forces was pronounced; thus, 
K increased in the 0.5 M Cl- solution (data not pre- 
sented) and the final hydraulic conductivity (Ku) was 
higher; conversely, under high hydraulicgradient, leach- 
ing with the 0.5 M C1- solution was fast and there was 
not enough time for cohesive forces to develop. Second, 

Vertisol in Equilibrium with Sodium under high hydraulic gradient, there was more severe 

Adsorption Ratio = 10 Solutions physical compression at the outflow end of the column 
than with low hydraulic gradient, and a lower & was 

In a soil equilibrated with a solution of SAR = 10. obtained. 
the ESP of the soil is approximately 10 (U.S. salinity The effect ofreplacing the 05 M CI- solution (SAR = 
Laboratory, 1954). At this ESP level. Ca and Na cations 10) with 0.05 M C1- solution on the hydraulic conductiv- 
adsorbed on the clay are not randomly distributed on ity of the Chromic Haploxerert (A horizon) depended 
the quasi-crystal; demiving of cations occurs, whereby on the hydraulic gradient (Fig. 5a). When high hydraulic 
Ca cations mainly neutralize the charges on the internal gradient was applied, K, first decreased, and then, with 
surfaces and the Na cations concentrate on the external further leaching, increased (long-leaching treatment). 

0.0 0.0 

0 10 20 30 40 50 0 20 40 80 80 0 4 8 12 16 20 
Pore volume Pore volume Pore volume 

Fig.5. Relative hydraulic condudin'ties a htnctior, of pare volume'foi the Cbmmic Haploxererl eqoilibnld with a salotion of S A R  = 1% 
consecutively leached with (a) 0.05 Ma-, (h) 0.01 ,U a-, md ((c 0.003 M CI-. T w o  hydnulic p-adienrr were tested: hi& and low hydraulic 
gradient under prolonged learhing. 
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Eg.6. Relative hydraulic conduciiritieo a9 a her ion  of aunulative time for the Chromic H=ploxerert eqdi!msed e th  r -on of S A R  = 
10, consemtirely leached with (a) 0.05 rW Q; (b) 0.01 M I T ,  and (c) 0.003 M C1'. Two hydranlilic gradients were I& high and low 
hydraulic gradient under prolonged leafing. 

This trend was similar to that observed when the soil 
columns were leached with the 0.01 M C1- solution of 
SAR = 0 (Fig. 3a) and a similar explanation, involving 
three processes, is proposed: (i) decrease in K, because 
of swelling of the quasi-crystals; (ii) decrease in K, be- 
cause of compression of the clay fabric at the outflow 
side of the soil column; and (iii) increase in K, because 
of the development of cohesive bonds between domains 
and microaggregates. In the initial stages of leaching, 
the first two processes dominated and K, decreased, but 
after long leaching, the first two processes reached a 
steadystate and only the aging mechanism continued, 
leading to an increase in K, (Fig. 5a). 

When the soil was leached with 0.05 M Cl- solution 
under low- hydraulic gradient, K, increased gradually 
almost from the very beginning. Similar observations 
were obtained in the Chromic Haploxerert (A horizon) 
leached with 0.01 M C1- solution of S A R  = 0. Under 
low hydraulic gradient, only slight compression of the 
clay fabric was induced and the resulting decrease in K, 
was small. Also, s w e h g  was more pronounced with 
solutions of SAR = 10 and K, decreased slightly during 
the passage of the first 3 pore volumes. As the leaching 
proceeded, the development of cohesive bonds led to 
the increase in K, as the leaching volume and leaching 
time increased. 

The rate of increase in K, in 0.05 M Cl- solution was 
higher under high hydraulic gradient than under low 
hydraulic gradient (Fig. 5a and 6a, respectively). Again, 
similar observations were made for the vertisol leached 
with 0.01 M Cl- solutions of SAR = 0, in which close 
contacts between clay particles are prevented by water 
layers surrounding them (Blake and G i a n ,  ,1970; 
Shainberg et al., 1996). When high hydraulic gradient 
is applied, the soil particles are closer together and the 
rate of cohesive bond formation is higher. It should also 
be noted that the rate of hydraulic conductivity increase 

in solutions of SAR = I0 was slower than that in solu- 
tions of SAR = 0 (Fig. 3a) because the expanded d i e  
double layer between quasicrystals and domains inhib- 
ited the development of cohesive forces. 

When the 0.05 M C1- solution was replaced by the 
0.01 M Cl- solution, K, decreased in all treatments (Fig. 
Sb). Similar decreases in the hydraulic conductivity of 
vertisols in equilibrium with S A R  = 10 were reported 
by Curtin et al. (1994). who leached with solutions of 
TEC lower than 20 mol, m? Clay dispemion was not 
likely to occur at a concentration of 0.01 M Ci-, which is 
above the critical flocculation concentration of smectite 
with ESP = 10 (Oster et al., 1980). Thus, the decrease 
in K, was probably due to the combined effects of clay 
fabric compression and swelling. Compression for soil 
columns exposed to low hydraulic gradient would be 
limited, and the increase in compression in soil columns 
leached with solutions of SAR = 10 and expmed to 
high hydraulic gradient would be also limited, because 
of high swelling compared with solutions of SAR = 
0. Thus, swelling was probably the main mechanism 
responsible for the decrease in K, in both high and low 
hydraulicgradient, and the rates of decreasein hydraulic 
conductivity were in both treatments (Fig. 6b). 

When a solution of 0.003 M Cl- replaced the 0.01 M 
Cl- solution, K, decreased sharply. The decrease was 
very steep even in soil with the stable structure gener- 
ated by the development of cohesive forces (long leach- 
ing, high hydraulic gradient). The sharp decrease in 
K, was due to the combined effects of swelling and 
dispersion (Fig. 5c). Dispersion became possible be- 
cause the EC of the leachates (0.445 dS m-I) (Fig. 5c) 
was close to the critical flocculation concentration of 
smectites (5 moL m-' for SAR = 10) (Oster et al., 1980). 
However, no clay appeared in the leachates, suggesting 
that macroscopic movement of clay within the heavy 
soil was limited by the small size of the pores. The very 
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steep decrease in K, in aU treatments is demonstrated 
by plotting K, as a function of leaching time (Fig. 6c). 
In all three treatments only 100 min of leaching were 
needed to replace two pore volumes and to reach a 
chemical equilibrium of the soil with the soil solution. 
The processes responsible for the hydraulic conductivity 
decrease in-soil with ESP = 10 and leached with very 
dilute solutions are much faster compared with soil 
equilibrated with solutions of SAR = 0. Dispersion of 
quasi-crystals and their deposition in conducting pores 
is a fast process compared with swelling. 

SUMMARY AND CONCLUSION 
We demonstrated that in addition to water quality 

and soil ESP, the saturated hydraulic conductivity of 
disturbed soil samules (Chromic Haoloxerea - A hori- - 

zon) depended onihe hydraulic gradient applied to the 
soil column and duration of leaching. Three m(rhanisms 
were offered to explain the changes in hydraulicconduc- 
tivity of the soil. F i t ,  swelling of the clay fabric (i.e., 
quasi-crystals and domains) at the expense of the trans- 
mission pores led to a reduction in hydraulic conductiv- 
ity. Swelling increased with a decrease in the total elec- 
trolyte concentration and an increase in SAR. Second, 
the physical compression of the clay fabric in the lower 
part of the soil column, which led to narrower pores 
and lower hydraulic conductivity. The degree of com- 
pression increased with increasing hydraulic gradient. 
However, with high SAR, the compression was not as 
pronounced, because of the extensive swelling. These 
two mechanisms, which resulted in a decrease of the 
hydraulic conductivity, were balanced by the third 
mechanism, i.e., development of cohesion forces with 
time (aging) between clay fabric structural units (do- 
mains) and microaggregates, which resulted in an in- 
crease in the soil hydraulic conductivity. Reorientation 
and reorganization of the structural units led to an in- 
crease in the average size of the transmission pores and 
to an increase of the hydraulic conductivity.-The rate 
of the development of internarticle forces also deoended 
on the hydraulicgradient &d on water quality. f i e  rate 
of cohesive bond formation increased with increasing 
hydrautic gradient (and compression of the clay fabric) 
and decreased with increasing SAR. Our results suggest 
that hydraulic gradient and leaching duration play a 
predominant role in determining the hydraulic conduc- 
tivity of a highly smectitic clay soil. Their importance 
of controlling hydraulic conductivity as a function of 
additional timedependent variables, e.g., the rate of 
prewetting, or of controlling the hydraulic conductivity 
of soils with a lighter texture needs further investigation. 

It should be mentioned that the results and conclu- 
sions are limited to the experimental choices. This is 
not to say that aging does not play a role. Under field 
conditions, soil structure undergoes frequent changes. 
Small soil masses are frequently broken down by the 
impact of rain drops, rapid (pre)wetting rate, the use 
of tillage tools, and shrinking and swelling mechanisms, 
creating a system where stabilization through aging can 
take place. Following, e.g., irrigation and tillage of a 

vertisol, the soil consists in more or less severely de- 
structed aggregates. In soils close to saturation. the rate 
of development of cohesive forces is slow (e.g.; Levy et 
al., 1997). As the soil dries, the increasing tension p d s  
the soil uarticles closer together. increasine the number 

~ ~- 

of clay-io-clay contacts i t  which bond&< forces can 
develop. A s&ar mechanism occurs wigthe applica- 
tion of a high hydraulic gradient in hydraulic conductiv- 
itv measurements. The develooment of cohesive bonds 

further increase with an inkeasein aging time P v y  
et al., 1997). Aggregate strength will be maintained until 
soil particles are again disrupted. 
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Polyacrylamide, Sediments, and Interrupted Flow Effects on Rill Erosion 
and Intake Rate 

D. Si jacobs, I. Shainberg, I. Rapp, and G. J. Levy* 

ABSTRACT soil during the next flow wriod (Samani et al.. 1985). 
n c  reduction in the inlake n t e  (LR) during intempted iniga,jon and sboul; increase the M.   ow ever, the develbpmei; 

k d i ~ i d t  to predihSedimento in inigstian rater deaeare the of negative pressure in the soil surface during flow inter- 
of intempted irrigation on IR ~oly&lamide (PAM) redurn rill ruptions consolidates the soil near.the rill surface, in- 
erosion, but its effed an IR k controversial The effects of water creases surface bulk density, and reduces the hydraulic 
qualiq (tap water,tlp water~ontainingsediments,andlOgm-'PAM conductivity (HC) of thiS surface layer. Thus, this thin 
solution) and intempted now on IR and rill erosion in an ~ 1 6 o l  layer can have a significant effect of reducing water 
(Caldc HaploxeraJI) and a Venisol (Typic Chmmoxerert) were stud- infiltration in irrigation events (Izuno et al., ied nsing labonlory miniklumen Rill erosion in bath soilp was elimi- 
nated by the PAM treatment in both continuous and intermptedflow. 1985; Jalali-Farahani et al., 1% Samani et al.. 19s).  
The PAM application reduced 1R in the Al(isol and innwwd it in An additional important mechanism controlling IR 
the vertipo~ in the -01, intempted BOW reduced IR ~ r t h ~  PAM in furrow irrigation, which is not necessarily related to 
solution by%'% compared i*ith 18% for tap water. I,, the v d -  interrupted irrigation, is the formation of a depositional 
sol, intempted now reduced IR only slightly and the &=ease nru seal at the furrow perimeter. The HC of depositional 
not dfeded by the polymer. When the water contained'3edimen6, seals has been reported to be two to three orders of 
nundative iruilmtion wag reduced by 22% for the Vertisol and 59% magnitude lower than that of the underlying soil 
for the ~ l f i so l  in cornpariron with tap water. These reductioll~ were (Shainberg and Singer, 1985). Trout (1991) observed a 
athibuled to depositional seal formation The IR of the Alfisol nru 50% reduction in idtration in the pormeuf came- more suseeph3le lo depositio+ seal formation tha. the VertipoL 
The presence of sediments in water wag effective in reducing till silty, mixed, superactive, mesic Durinodic Xeric Haplo- 
erosioa The effRtr intempted vith PAM om 1R calcid) silt loam during interrupted irrigation, and as- 
were by paw blodring of the conducting cribed it to surface seal formation. The HC of the depo- 
to greater arction and compaction ofthe roil s,,,face par =diment. sitional seal depends on the size and mineralogy of the 
laden irrigation water,interrnpted now hnd no advantage over contin- sediment particles, and on the electrolyte con~ntration 
uolrsUowinreduhgllbeeauseofde~onalsealformntionarsod- of the water (Shainberg and Singer, 1985). Thus, the 
-ated wiib the sediments in the water. effect of sediment concentration on the IR varies from 

one irrigation scheme to another. 
Soil erosion can be prevented by amending the soil 

URFACE IRRIGAnON IS the most used irrigation practice with organic polymers, such as PAM, with high molecu- 
water use efficiency is low (Wolt- lar weight and moderate negative charge density (e.g., 

en ,  1992). Interrupted irrigation, which is the intermit- Lentz et al., 1992; Shainberg et al., 1990; Sojka et al., 
tent application of irrigation water during the advance- 1998a. 1998b). If rill erosion is prevented, no deposi- 
ment stage of furrow irrigation (Stringham, 1988), has tional seal is formed and the rill IR increases (Lentz et 
the potential to reduce IR and improve the efficiency al., 1992, Sojka et al., 1998b). Thus, an indirect effect 
of surface irrigation by increasing field water application of the PAM treatment is the increase in IR However, 
uniformity. In spite of much research (Izuno et al., 1985; Malik and Letey (1992) and Letey (1996) found that 
Jalali-Farahani et al., 1993; Kemper et al., 1988; Samani the addition of 10 g m-3 of PAM to water decreased 
et al., 1985; Trout, 1991). the process is still .not fully the HC of fine porous media to 50% of that obtained 
understood and its effects on LR are difficult to predict. when salt solutions were used. They suggested that the 

Two basic phenomena have been identified during effective viscosity of polymer solutions in porous media 
intermption of flow: (i) moisture redistribution in the was higher than would be anticipated according to stan- 
soil profile and (ii) consolidation of the soil near the dard viscosity measurements, and that the relative vis- 
rill surface. During the intermption of water application, cosity depefided on the pore-size distribution of the soil. 
water drainage into the underlying dry soil and moisture The e f l e  O ~ P A M  in reducing the HC of porous media 
redistribution result in the development of negative also be explained in terms of partial blocking of 
pressure' suction near the soil surface. This negative conducting pores by the tails of the macromolecules 
pressure increases the forces that pull water into the that were adsorbed on &il particles. This partial 

blocking would probably become more pronounced in 
D. Siawbs. I. Shahberg, L Rapp, and GJ. Levy, Institute of Soils, with pores' L e t e ~  (lgg6) p r o p d  that in 
Water and Environmental %en=, ~ g r i d t u d  ~ ~ ~ ~ ~ d ,  organiza. furrow irrigation PAM treatment will reduce IR and 
tion (ARO), the Volcani Center. P.O. Box 6, Bet DaganSU250. Israel. increase the advancement rate of water in the furrows. 
Contribution from the Agricultural Raearch Organization. the Val- It therefore that the effect of PAM on IR in rani Center, P.O. Box 6, Bet Dagan 51250, Inact no. 629/98 series. 
Received 24 Aug. 1999. 'Corresponding author (wguy@volcani. 
agi.gov.il). 
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Table 1. Some basic physical and chemical properties of the soils used. 

Pulide-rire discdutim 

S o l  ckssi i i~t ioo S a d  Si CICO, CECt ESP( GPPP OM¶ 

g Lg" -04 kg-' %- g b-' - 
Alfaol Cnlac Hapbxedl 413 352 225 180 17.7 21 9J a 
Vetikol Typic clmmoxaerl 438 I56 406 107 342 2 3  W 34 

t CEC = Cnriox+excbmge mpsritg. 
*ESP = Exdmgabk sodhm p " e t l g e  
5 EPP - Exdmgabk  potprim p m n ( r g c  
1 OM = Orgrnic mmer rontmt. 

furrow irrigation depends on soil properties, a topic to flow applications. However, the relative effects of water 
be clarified in this study. containing sediments on the IR in continuous and inter- 

The effects of interrupted irrigation in reducing IR rupted flow effect are not clear and wiu be studied. 
depend on sediment concentration (Trout, 1991). As The objective of our study was to investigate the ef- 
sediment concentration increases, IR decreases and the fects of PAM- and s e d i m e n t c o n ~ g  intlow on IR 
beneficial effect of intermpted irrigation for reducing and rill erosion under continuous and interrupted flow 
the IR is reduced (Trout, 1991). It could be argued conditions in two soil types. The interaction between 
therefore, that PAM treatments will magnify hterrup- sediments, P A ? ,  and soil properties on the effect of 
tion-induced effects on IR reduction. On the other hand, interrupted flow on IR and rill erosion were evaluated 
since PAM alsostabilizes thestructure at the soilsurface by comparing the results obtained with clear tap water 
(Sojka et al., 1998b). PAM may prevent the b o l i d a -  with those obtained with PAM solutions and sediment- 
tion of the surface by the interrupted flow and the net laden inflow water. 
effect of intermpted flow on IR in PAM treatments will 
be negligible. Hence it is diflicult to assess the effects MATERZALS AND METHODS 
of PAM on the IR in interrupted flow. 

Miniumes have been used to evaluate the interaction Two arable soils of differing texnue were chcsen for this 
between flow characteristics, soil properties, and water study: a silty loam AJ&ol (Calcic Haploxealf) from Ncvatim, 

northern Negev, and a clay Vertisol (Typic Cbromoxerert) quality on rill erosion in the laboratory (Sh&berg et from Hafetz-Haim, Plains, Irrael Some basicphysiI 
al., 1994,1996). The rill erodibility data obtained with and ,-hemid properria of the soils are given in Table 1. 
the miniflumes agreed well with field data (Shahberg et The exwriments were carried out with a 05-m-lone. 0.M7- 
a!.. 1994). Miniflume s t u d i ~  wcre also found to simulate m-wide, 0.12-mdeep flume. Two 02.m-long "v"&"& me- 
well the effect of PAM on rill erosion in the field (Lentz tallic nlk were connmcd on both of its sides. TXe mininumes 
et al., 1992; Shainberg et al., 1994). Using m h i f h e s ,  
Shainberg et al. (1996) studied rill erosion in an Alfisol 
and a Vertisol and found that rill erosion decreased with 
aging of several hours and that it depended on water 
content in the soil. These researchers postulated that 
aging and water tension enhanced clay to clay contacts, 
increased the cohesive forces between soil particles, and 
led to reduction in rill erosion. We hypothesized that 
miniiumes may also be used to study the processes that 
operate in interrupted irrigation. 

Interrupted flow reduced erosion in irrigated furrows 
(Yonts et al., 1998). In miniflurnes, the same effect has 
been observed and was attributed to consolidation of 
the soil surface (Sirjacobs, 1999, unpublished data). If 
rill erosion and depositional seal formation are reduced, 
a high IR should be maintained. Interrupted flow may 
therefore have two oppo$ig effects on IR; that is, it 
may reduce IR by consolidating the soil surface or in- 
crease IR by reducing rill erosion and seal formation. 
The net effect of interrupted flow on IR may be evalu- 
ated either by preventing rill erosion (e.g., by imgation 
with water containing PAM) or by increasing the sedi- 
ment content of the irrigation water. When rill erosion 
is prevented, no depositional seal is formed and the 
effect of interrupted flow in consolidating the rill surface 
and reducing IR is predominant. Conversely, sediment 
deposition and seal formation may be enhanced by the 
use of sediment-laden water (Shainberg and Singer, 
1985). Applying water containing sediments will, there- 
fore, decrease IR in both continuous and intermpted 

were placed at a 10% slope in order to maintain high flow 
shear for&, high soil detachmenL and high rill d o n  

Air-dried soils, mushed to pas through a 4.O-mm sieve. 
were slightly compacted in the flume to densities of I390 kg 
m-' for the Alfisol and UOO kg m-' for the VerticoL lie dry 
volume of the Vertisol was slightly smaller than that of the 
Atfisol. However, upon wetting and subsequent swelling the 
final volume of the wet Vertisol in the flume was similar to 
that of the AlfisoL A "V"-shaped rill (44 mm wide and Z? 
mm deep) with a 93' angle between its sides was formed in 
the soil surface. Water was applied with a petidtic pump to 
the uostream metallic rill. and the runoff mntainioesediments 
was follcctcd from the dbwnstrcam metallic rill bcalcn 

Three water types were studied in the experiments (i) l a b  
ratorv tav water felectrid moductiriw = 095 dS m-'; Na 
adso,tick ratio 25 [mu104 L-lC &. + Mg = 5 -4 
L-'; Na = 4 mmo4 L-'; CI = 62 mmol. L-I); (iii tap water 
containing 10 g m-I PAM, and (iii) tap water containing 7 5  g 
L-' of suspended sediments. The PAM solution was preparrd 
from a concentrated polymer solution that conrained 1 g L-' 
high molecular weight (2 x 10' Da) anionic PAM with a 
moderate negative charge (20% hydrolysis). Suspendons of 
each soil were prepared by shaking MO g of soil with 3 L of 
tap water for 1 h After shaking, the mane partids Were 
allowed to settle out of the suspenrion for 3 mia Sadiment 
content of the suspensions was 75  g L-' for each sod. During 
each mininume nut, the suspension was stirred mntinuously 
in order to ensure its homogeneity. Samples of the s q a s i o n  
were taken periodically during the run and the sediment con- 
tent of the suspension was recorded. 

Each individual experiment was divided into twostages In 
the first stage either continuous (control) or interrupted flow 
was applied, and the three water qualities were used. ?he 
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control treatment consisted of 4 min of flow; the interrupted 
flow treatment consisted of four cyclei of 1 min of flow and 
10 min of interruption. Preliminary studies on the effect of 
interruption time on rill erosion and IR indicated that for an 
interruption time of <5 min, changes in interruption time 
affected IR and rill erosion, but choosing interruption times 
longer than5 min did not affect the IR and rill erosion. Idlows 
applied to the Vertisol (320 mL min-I) and the Alfisol (240 
n& min-') were chosen in order to o b h  a measurable but- 
flow during the first minute and to obtain a similar flow rate 
and tunoff during the consecutive 3 min. Because the IR in 
the Vertisol was higher than the IR in the A h l ,  it took 51 s 
for the clear water to wet the soil and reach the end of the 
rill in the Vertisol and 17 s in the AlfisoL Howev~r, during 
the second, third, and fourth pulses of flow, the average out- 
flow rates in the two soils were similar (FI~ .  3 and 5). Total 
inflow, outflow, and soil loss were recorded for every minute 
Of flow. .. .~- 

The xcond stage of the experiment staned immediately at 
the end of the lmin flow in the control or after completion 
of the four cycles of interrupted flow treatment. At chis staee. 
only clear tap water was used and inflow rate was reduced-iid 
order to allow more precise measurements of IR, and it was 
applied continuously to simulate field conditions Again, in 
order to maintain similar £low and shear force in the rills, a 
continuous 100 mL min-I inflow was applied to the Vertisol 
and 80 mL min-' was applied to the Alfisol. The second stage 
was terminated when the moishlre content front reached a 
depth of -100 mm and the soil layer at the bottom of the 
miniflume remained dry (i.e., after 10 min for the Vertisol 
and 20min for the Alfisol). The dry layer of soil at the bottom 
of the flume assured the prescnce of the suction needed to 
consolidate the soil surface. Total inflow. outflow. and soil -~ , . ~~~~ 

lovj were recorded every minute for both soils. 
Three replicates were performed for each of the twelve 

combinations tested (two soils, intempted and continuous 
flow, and three types of figation watcn).The effect of water 
woe on interru~ied flow anahzed seiaratelv for the A1S- 

and for th; Venisol. For dch s o i  the ~ffects of two 
factors (water type and flow type) on rill erosion and IR were 
considered. Our experiments involved three levels of water 
Qy (tap water, tap water with PAM. and tap water with 
sedunents) and two levels of flow type (continuous and inter- 
moted flow).For each minute and for each variable measured. 
a iull fact/rial analysis of variance, bastd in th&tandard 
Least Squares test (a = 0.05). was applied. When an interac- 
tion beween the two factors was found, the different levels 
of water type were compared within each level of flow type 
and vice versa. When no interaction was detectcd, each factor 
was studied individually, without distinction be&een the lev- 
els of the other factor. 

RESULTS AND DISCUSSION 
Because the effects of interrupted flow on  JRdepend 

on rill erosion and depositional seal formation (Kemper 
et al., 1988; Trout, 1991). the effects of water type on 
rill erosion in continuous and interrupted flow are dis- 
cussed first 

Water Type Effects on W Erosion 
PoIyaayIamide 

Rill erosion in the Vertisol exposed to a continuous 
flow of tap water was high (Fig. 1). and that in the 
Alfisol was low (Fig. 2). Application of interrupted flow 
caused a significant reduction in rill erosion only in the 
Vertisol. Most of the rill erosion in the two soils occurred 
during the fust 4 min, when the flow rate was high 
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(320 and 240 mL min-' for the Vertisol and Alfiiol, 
respectively) and the flow shear force was high. In the 
second stage of the experiment, when a continuous low- 
rate flow was used, erosion was low (Fig. 1 and 2). In 
the Vertisol, intraaggregate stability is greater than that 
in the Alfisol (Shainberg et al., 1992). However, interag- 
gregate cohesive forces in the Vertisol are weaker than 
in the Alkol (Shainberg et al., 1996). thus detachment 
of aggregates by the flowing water could possibly be 
easier in the Vertisol than in the Alfisol. At the same 
time, it is expected that detached particles in the Vertisol 
are larger than those in the Alfisol, because of the better 
aggregation ofthe Vertisol, and would thus be I- avail- 
able for transportation by the flowing water. Our results 
showed more erosion in the Vertisol, suggesting that 
under our experimental conditions the size of the de- 
tached particles in the Vertisol did not affect their trans- 
portability. Therefore, Vertisols, owing to their high clay 
content (Table I), have a stable aggregated structure 
with weak cohesive forces among soil particles, which 
in turn, made them more susceptible to detachment and 
subsequently to transportation than the aggregates of 
the Alf~ol. 

Polyacrylamide addition to the inflow water during 
the first stage of the experiment essentially eliminated 
rill erosion in both continuous and interrupted flow. 
The effect of PAM on soil loss was already evident 
from the first minute of inflow. Its favorable effect was 
especially impressive in the Vertisol, where with contin- 
uous flow, the PAM treatment reduced cumulative soil 

loss to 1% of the erosion obtained in tap water fig. 
1). In the AlOol, PAM application reduced soil loss 
from2.7 g per flume to only 0 3  gper flumein continuous 
flow (Fig. 2). The PAM efficacy resulted from the fact 
that the polymer adsorbed on the external surfaces of 
the aggregates (Lentz et al., 1992) cemented the aggre- 
gates together and prevented their detachment 

In the PAM treatment, erosion in both soils was very 
low under continuous flow, and no further decrease in 
erosion because of interrupted flow was pomile fig. 
1 and 2). As the biding between soil partides in the 
presence of PAM was already strong enough to prevent 
erosion, further strengthening of interpartide cohesive 
forces by aging and compaction during flow i n t e m p  
tions caused no further reduction of rill erosioa 

Sediments 

In the Vertisol, the use of sediment-loaded water led 
to the formation of a visible and homogeneous seal at 
the rill perimeter. This depositional seal dramatically 
reduced rill erosion compared with inflow of tap water 
(Fig. 1). For continuous flow, the presenoz of d i m e n &  
in the irrigation water was as effective as the presence 
of PAM in preventing rill erosion. When interrupted 
flow was applied, PAM was more effective than sedi- 
ments in preventing rill erosion (Fig. 1). The difference 
in cumulative erosion between interrupted and continu- 
ous flow appeared from the second minute (Fig. 1). The 
higher erosion under interrupted flow was attributed to 



SIRJACOBS ET AL. PAW. SEDIMENTS. AND INERRUPI'ED FLOW EFFECTS ON INTAKE RATE 

1 2 3 4 6 10 14 

g Cumulative flow time (min) 
Fig.3. InIake rrte s a fundian of cumulative now time far the V a i h l  during (a) Stage 1 and (b) Stage 2 of me ape6mcnL SiStiJlcmt 

difierences between water types for a given atmulatire flow time and flow type arc indicated by npper- letim (P < am. 5%i&snt 
diRerenm between flow Qpes for a given eumulntire now time and mter ype are indipted by loner- kum (P < a052 IW is tap 
mter, PAM is plyaayl lamide-con~ng water, nnd SED is ~edtnentson~ning  water. (0 a d  (0 denote comlinuoa m d  inturupted 
now, mpeciively. 

lower intake rate in the interrupted flow (see below), 
which resulted in higher flow velocity and greater shear 
force (Kemper et al., 1988). In our study, rill erosion 
was high only in the second minute of inflow. Thereafter, 
hardly any additional difference in soil loss between the 
interrupted and continuous flow treatments was ob- 
served. Apparently, aging and compaction mechanisms 
that acted during the flow interruption created a suffi- 
cient increase in soil cohesive forces that could resist 
the high shear force and thus limit soil loss. 

Unlike the case of the Vertisol, a net deposition of 
sediments was observed in the Aliisol under both inter- 
rupted and continuous flow during the 4 min of applica- 
tion of water containing sediments. This is represented 
in Fig. 2 by the negative values of cumulative soil loss, 
which demonstrate that =20% of the sediments flowing 
into the flume were deposited on the rill perimeter. In 
the second stage of the experiment when a continuous 
low flow rate of tap water was used for 20 rain (as 
opposed to only 10 min in the Vertisol), a small amount 
of soil erosion was observed in the continuous flow 
treatment. Conversely, in the interrupted flow treat- 
ment, no sediments were measured in the tap water 
runoff and no increase in cumulative erosion was dem- 
onstrated (Fig. 2). 

Deposition of sediments at the soil surface filled the 
pores and created a depositional seal with a smooth 
surface on the rill perimeter. The fine particles within 
the pores acted as a cementing material between soil 
particles, and the sealed rill surface became more resis- 
tant to erosion then the original soil surface. Similar 
findings were reported by Brown et al. (1988). who 
studied the effects of sediment-laden water on IR and 
furrow erosion in the field. These researchers concluded 

that deposition of the fine sediments on the perimeter 
decreased IR and thus increased soil water tension, con- 
sequently leading to an increase in the foroes that hold 
the sediments at the perimeter, and to a decrease in 
erosion. The presence of sediments in the inflow water 
was effective in preventing net soil lass erosion in both 
soils. The presence of sediments in the water in continu- 
ous flow was more effective in decreasing rill erosion 
than interrupted flow or the addition of PAM to the 
inflow water. The beneficial effect of sediments in the 
inflow water suggest that sediments in irrigation water 
should not be removed prior to irrigation. This conclu- 
sion corroborates the findings of Brown et al. (1988) 
obtained in short furrows in the field.. 

Water Type Effecis on Intake Rate 
Polyaaylamide 

In the fmt  stage of the experiment (i.e., first 4 min) 
for both flow types in the Vertisol, addition of PAM to 
the inflow water resulted in IRs that were higher than. 
or similar to, those for tap water. Considering the effect 
of PAM on advancement time, a similar conclusion is 
derived. Whereas the time needed for the first pulse of 
&water to reach the end of the 05-m rill was 51 Z 
2 s, it took 57 2 3s with the PAM solutioos. Prevention 
of rill erosion and depositional seal formation prevented 
the decrease in IR during the first minute, and the ad- 
vance time for the PAM solution was longer than that 
for tap water. Similar lindiigs were reported by Lena 
at al. (1992) and Leatz and Sojka (1994) who observed, 
in field experiments, that PAM reduced furrow erosion 
and increased furrow IR. 

The effects of PAM on the cumulative intake of the 
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Vertisol exposed to continuous and interrupted flow are 
presented in Fig. 3. The PAM treatment increased the 
cumulative intakes under both continuous and inter- 
rupted flow by 6%. This increase in IR and cumulative 
intake was contrary to the predictions of Letey (1996) 
and Malik and Letey (1992), who suggested that PAM 
increased the apparent viscosity of the solution within 
the soil pores, and therefore, that soil IR should de- 
crease. The PAM-related IR increase observed in the 
Vertisol was attributed to two possible mechanisms: (i) 
PAM prevented rill erosion and the formation of deposi- 
tional seal (Lentz et al., 1992, Sojka et al., 1998a) and 
(ii) PAM stabiied the soil structure and prevented 
deterioration of the soil surface HC (Shainberg et a]., 
1990). The effects of interrupted flow on IR in the PAM 
and the tap water treatments were similar (Fig. 3); inter- 
rupted inflow in the Vertisol decreased both cumulative 
intakes by 6% (Fig. 4). Interrupted flow was as effective 
in decreasing IR in tap water and the accompanying 
high erosion as it was when PAM was used and only a 
small amount of sediients was present in the water. 
The similarity in the decrease in IR for the tap water 
and PAM treatments is suggested to be related to the 
structure of the seal formed. When sediients were de- 
posited from a solution that had an electrolyte concen- 
tration exceeding the flocculation value of the soil clay 
(i.e., tap water), the seal formed had an open structure 
(Shainberg and Singer, 1985) that was susceptible to 
compaction and consolidation when exposed to suction. 
in a way similar to that of an unsealed soil surface. 

The effect of PAM on IR in the Alfisol was the oppo- 

site of that in the Vertisol. In the ALfisol. PAM de- 
creased IR significantly, both in continuousandin inter- 
rupted flow, during the first and the s m n d  stages of 
the experiment (Fig. 5). The same conclusion is derived 
from consideration of advancement time. Advancement 
times in the frst minute in the A k h l  were 7 2 2 s with 
PAM solution and 17 2 3 s with tap water. The high 
advance rate of the PAM solution in the Alfisol sug- 
gested that 10 g m-' of PAM in the idlow water reduced 
IR. When rill erosion is low, as was the case in the 
ALfisol, depositional seal effect on IR is minimal, and 
the effect of PAM in reducing the HC (Letey, 1996) 
predominates. The effect of PAM on HC is further 
demonstrated from the consideration of the aunulative 
intake in the Alfisol (Fig. 6). Final cumulative intakes 
obtained in continuous and intempted flows with PAM 
solution were lower by 37 and 51%. respectively, than 
those obtained with tap water for the mpedive flows 
(Fig. 6). Only little erosion and clay deposition took 
place in the AlOol with either tap water or PAM solu- 
tion; therefore, the effect of PAM in reducing IR was 
probably because of its effect on the HC of the soil 
(Malik and Letey. 1992; Letey. 1996). Malik and Letey 
(1992) suggested that the effective viscosity of polymer 
solutions in porous media was higher than would be 
anticipated according to standard viwsity measure- 
ments and that the relative viscosity depended on the 
pore-size distribution of the soil. The effect of PAM in 
reducing the HC of porous media could also be ex- 
plained in tenns of partial blocking of conducting pores 
by the tails of the macromolecules that were adsorbed 
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on soil particles. This partial blocking would probably creased the HC of the soil surface by partial blocking of 
become more pronounced in soils with narrow pores. the conducting pores, thus also reducing air penetration 
Thus, it is to be expected that in the ALfisol, with its into the soil surface. Consequently PAM increased the 
unstable structure, low HC, and fine conducting pores, soil water tension that developed during the flow in- 
PAM would be effective in reducing IR; converse1y;in terruptions (Kemper et aL, 1988) and in turn caused 
the Vertisol, with its large conducting pores and high enhanced compaction and wnsolidation of the wetted 
HC, the effect of PAM on IR should be small. Our data perimeter, thus reducing the inliltration rate. It is hy- 
(Fig. ?-6) support this hypothesis. The PAM solutions pothesized that a similar phenomenon o m  in swge 
of 10 g m-' had a negligible effect on IR in the VertisoI irrigation and that the surge effect on inigdtion em- 
(Fig. 3 and 4) and a marked effect on IR in the Alfisol ciency is improved in PAM treatments in silty loam soils 
(Fig. 5 and 6). like the M i o l .  

It is postulated that the effects of PAM on infiltration 
depend on two opposing mechanisms: (i) enhancement 
of IR by prevention of erosion and seal formation and 
(ii) reduction of IR because of increased apparent vis- The effects of sediments in i d o w  water on IR in the 
wsity of the solution, or partid blocking of conducting Vertisol and the Misol are presented in Fig. 3 and 5, 
pores by the tails of the macromolecules adsorbed on respectively. In both soils, IR was s i f lont ly  lower 
soil particles. The relative weight of each of these mo from the very first minute of flow with water containing 
opposing mechanisms, which determines the actual ef- sediments than with tap water (Fig. 3 and 5). This de- 
fect on IR, depends on soil type. m, PAM increased crease in IR led to total reductions in cumulative intake 
IR in the Vertisol by preventing seal formation and of 22% in the Vertisol @g. 4) and 59% in the Alfisol 
erosion, but decreased IR in the Alfisol by decreasing (Fig. 6), compared with that obtained when tap water 
the HC, either by increasing the apparent vixosity of was used. The reduction in IR was related to sediment 
the soil solution or by clogging the conducting pores. deposition and the fonnation of a seal at the rill pExime- 

Addition of PAM to the inflow water did not dter the ter (Trout, 1991). The reduction in IR was more pro- 
interrupted flow effect on IR in the Ve-1. Interrupted nounced in the Alfisol than in the V€rliS0l because the 
flow decreased the final cumulative intake by 6% in Alfisol was more susceptible to seal formation (Ben- 
both the PAM and tap water treatments; however, in H w  et d., 1985). The ALfisol, with its poor Structure, 
the Alfisol, interrupted flow was more effective in de- was more easily clogged with suspended clay particles 
creasing the IR with PAM than with tap water. In the than the Vertisol with its developed structure and large 
latter case, it reduced cumulative intake by 18% corn- water conducting pores. As a result of the low IR, this 
pared with continuous flow, whereas in the PAM solu- treatment also increased the advancement rates on both 
tion it reduced cumulative intake by 38% (Fig. 6). The soils, the advancement times for irrigation with water 
beneficial effect of interrupted flow with PAM solutions containing sediments and with tap water were 10 and 
in the Alfisol can be explained as follows: PAhl de- 17 s, respectively, on the Alfisol and 36 and 51 s, respec- 
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tively, on the Venisol. Sediments decreased the ad- and that the intermpted flow effect was less pronounced 
vancement times in the ALfsol by 41% and in the Verti- when a deoositional seal of low HC was oresent. 
sol by 29%. The effect of sedimknts in irrigation water 
in increasing the advance rate in furrow irrigation may 
be included in consideration of the efficiency of sur- 
face irrigation. 

In the Vertisol, the use of interrupted flow caused a 
significant decrease in cumulative intake for both tap 
water and sediment-laden water (Fig. 4). However, the 
use of sediment-laden water didnot have a greater bene- 
ficial effect (in relative terms) in decreasing cumulative 
intake than intermptedflow with tap water. Intempted 
flow decreased the Final cumulative intake in the Veni- 
sol by 7% with water containing sediments and by 6% 
with tap water (Fig. 4). In the Alfisol too, the use of 
interrupted flow caused a significant decrease in cumu- 
lative intake for both tap water and sediment-laden 
water (Fig. 6). However, in the Alfisol a trend was noted 
whereby interrupted flow was more effective in deqeas- 
ing cumulative intake with tap water (18%) compared 
with sediment-containing water (15%) (Fig. 6). This 
trend may he explained by the greater IR reduction by 
the formation of a depositional seal in the Alfisol than 
in the Venisol (Fig. 3 and 5). When a seal with a low 
HC is formed, the seal controls the IR and the effects 
on IR of interrupted flow and the suction that develops 
during the off time are negligible. S i l a r  observations 
were made by Trout (1991). who observed that infiltra- 
tion was reduced by 50% (because of surface seal forma- 
tion) when sediments were present in irrigation water 

SUhfMARY AND CONCLUSIONS 
The effects of PAM and sediment concenmtion in 

inflow water on the effect of intermpted flow on infiltra- 
tion rate and rill erosion was studied in a silty loam 
Alfisol and a clay Vertisol, using miniflumes. In b t h  
soils, rill erosion was dramatically reduced by the PAM 
treatment Polyacrvlamide increased the JR in thevetti- 
sol and d e c r e i s e d i ~  in the &L The contradictory 
effect of PAM on rill IR was emlained bv two o m i n r !  
mechanisms: (i) enhancement -of IR b;preve&on 2 
erosion and of a depositional seal formation (Lent?. et 
al., 1992; Trout, 1991) and (i) reduction of IR befause 
of increased apparent viscosity of the solution in the 
soil pores or by clogging of the conducting pores by the 
tails of adsorbed poIymer molecules (Letey, 1996). The 
second mechanism dominates in the Alfwl with little 
rill erosion and no depositional seal formation. The 
polymer did not influence the intermpted flow effect 
on IR in the Venisol. In the AlfLM1, intermpted flow 
reduced the h a l  cumulative intake by 37% in the PAM 
treatment and by 18% with tap water. The effect of 
interrupted flow with PAM solutions in the Alfisol was 
explained by the partial blocking of the conducting 
pores, which increased the suction and compaction of 
the soil surface, and so reduced the IR. 

When applying sediient<ontaining water, deposi- 



SIRJACOBS ET AL: PAM. SEDIMEKIS. AND INTI 

tional seal formationmarkedly decreased the IR of both 
soils. The reduction of final cumulative infiltration was 
more pronounced in the Alfiso1(59%) than in the Verti- 
sol (22%). The AJfisol, with its unstable structure and 
narrow conducting pores, was more easily clogged by 
sediments than the Vertisol, with its stable structure and 
large pores. When the inflows contained sediments, the 
interrupted flow effect on IR was limited. Continuous 
irrigation with water containingsediments increased the 
advancement rate and reduced rill erosion more effec- 
tively than interrupted flow or PAM treatment. This 
effect should be considered when water containing sedi- 
ments is used in surface irrigation. 

Our results indicate that the potential benefits of in- 
terrupted flow as a means of improving surface imga- 
tion efficiency and controlling rill erosion will be gained 
mainly in weakly structured soils. Addition of polymer 
to the irrigation water may enhance interrupted flow 
effects in these soils. When irrigation water containsedi- 
ments, interrupted flow has no advantage ov& continu- 
ous flow. 
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ERRATUM 

Timing Effects of Deep T i a g e  on Penetration Resistance and Wheat and Soybean Yield 

On p. 999, the division heading is incorrect. It should have read "Division S&Soil & Water Management & 
Conservation" (rather than "Division S b F o r e s t  & Range Soils"). 



Hydraulic Gradient and Wetting Rate Effects on the Hydraulic Conductivity 
of Two Calcium Vertisols 

M. Moutier.6 I. Shainberg, and G. J. Levy 

ABSTRACT 
Understanding the combined role of inhinsic (e.g., day content) 

a d  exirinsic soil conditions in determining the s tun ted  hydnulic 
conductivity (K) is n key factor in improving soil and irrigation man- 
agement Hydraulic gradient eRem on K haye been investigated on 
hvo Ca vertisols (Chromic Hnploxerert) from Yiueel and Kedma, 
bneLSampler were packed in columns and subjected to hvo prewet- 
ting ntes  (45 and 70 rnm h-') m d  two hydnulie gndients (28 and 
It6 for Yiueel;3.1 and U 6 f o r  Kedma). Satur~tedK war determined 
during leaching with CnCh solutions having toW electrolyte eoncen- 
twtions (TEC) of 0.5,O.Ol M a'. and deionized water (DIV). The 
nvenge hydnulie conductivity at the end o t  the lenching with the 
0.5 Moolution (Ku) or the h*o vertisols increyed with n decrease in 
prewetting rate. The efled of prewening n t e  war mo~pronounced 
in Y i e l ,  where the high day content (70.3% day) resultedin a 
more stable structure Upon lenching with the O.O?_M solution, K*, 
Gnc decrearedand then inaeued.This inereareinKu, w s  explained 
bv cohesive bond lormution, which increased with an increme in sail 
day content and m.th baeitsed proximity between the day p d d s  
High hydmyic gndient enhanced day to day contacts, 2nd n steep 
inereare in Kay. FoUom.ne hn rrrewettine. the eR& of the hvdraulic 

~ ~ - .  ". 
gr~dient on cohesive bond formation was more pmnouncedin Yizeel 
thm in Kedmil(46.5% day). Lending with D W  decremed the K,,. 
regardless of the prewening treatment or soil day contenl, sugges_tiling 
that melting vu the governing rnechanbm in the redunion of Kal. 

T HE SATURATED HYDRAULIC C O N D U C T I V ~  (K) of soils 
depends on soil permanent properties (e.g., soil tex- 

ture, clay mineralogy), soil structure, presence of en- 
trapped air (e.g., Christiansen, 1944; De Backer, 1967; 
Constantz et al., 1988; Faybishenko, 1995). type of ex- 
changeable cations, and salt concentration of the leach- 
ing solution. Saturated hydraulic conductivity tends to 
decrease with increasing exchangeable Na percentage 
and decreasing TEC (Quirk and Schofield, 1955). Re- 
cently, aggregate stability, infiltration rate, and erosion 
studies demonstrated that soil structure and its hydraulic 
properties depended on, in addition to sodicity and wa- 
ter quality, the antecedent water content, a$ng, and 
prewetting rate (Kemper and Rosenau, 1984; Shainberg 
et al., 1996; Levy et ai., 1997). 

The prewetting rate iduences agggegate stability (Le 
Bmonnais, 1988,1989; Levy et al.. 1997) and, hence, K. 
Whereas slow prewetting minimizes degradation of the 
original structure of the soil, fast prewetting diiinte- 

U Moutier. Univenitd catholique de Louvain. Unite de Genie Rural, 
Place Croix du Sud 2, bte 2 B-1248 Louvain-la-Neuve. Bel@um: I. 
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grates the aggregates and deteriorates the hydraulic 
properties of soils (Kemper and Koch, 1966). Aggegate 
breakdown (slaking) results from the development of 
internal pressures that cause them to explode (Kemper 
and Rosenau, 1984). These pressures can arise from a 
differential hydrationand swelling of the clay Lraction 
(Le Bissonnais, 1989) or the compression of occluded 
air in the capillary pores (Panabokke and Quirk. 1957; 
Boiffin, 1981). Murray and Quirk (1990) suzested that 
aggregate slaking was due to both the weakening of the 
cohes~ve interparticle binding forces by wetting and the 
appearance of repulsive interparticle forces. The pres- 
ence of organic matter and inorganic cementing agents 
such as Fe oxides will contribute to the stability of a w e -  
gates. The extent of slaking and the relative importance 
of each process controlling it were found to depend on 
TEC, Na adsorption ratio (SAR) (AbuSharar et al., 
1957), and clay content (Le Bissomais, 1988). 

Hydraulic properties are also affected by the presence 
of entrapped air, the amount of which depends on the 
method used for the initial saturation (Faybihenko, 
1995). Foliowing an upward initial saturation, which 
occurs in soils during the rise of the groundwater table, 
the volume of entrapped air is <5% and mobile air is 
almost absent. U ~ o n  wettinn a drv soil from the top, 
the volume of eitrapped a: is l&e and it b1ofk.s-a 
significant volume of the water-conducting pores. As 
entrapped air dissolves, K increases. Increases of K by 
a factor of 5 to 10 were reported by Constantz et al. 
(1988). whereas Christiansen (1944) determined that the 
relative permeability increased by 2 to 40 times. It 
should be noted that whensoil columns are wetted ftom 
below, the volume of entrapped air is small and most 
of i t  is immobile; changes ib K upon air dissolution are 
therefore insignificant (Favbishenko. 1995). - - - -  

An increas; of awigaie mech&cal strength with 
time has been reported by several authon (e.g., Blake 
and Gihan,  1970; Singer et al., 1992; Shainberg et al., 
1996). Blake and G i i a n  (1970) observed si,&fiwt 
thiiotropic changes in arrificial awegates (Webster 
clay loam [fine-loamy, mixed, superactive, mesic Typic 
Endoaquoll] with 34.9% clay) within 20 to 30 h. Signifi- 
cant de-velopment of coheshe forces in aggregates of a 
vertisolf46.5% clav) were reooned durino 24 h of acing 
(~hainbirz et al., i996). Thi  development of cohesive 
bonds has-been recently inferred from K measurements 
in a smectitic vertisol (Moutier er al., 1998). 

The hydraulic conductivity of a disturbed vertisol (A 
horizon, Chromic Haploxerert) wetted by capillary rise 
was shown to be affected by asng and by the hydraulic 
gradient applied to the soil column (Moutier et al., 

Abbreviations: DW, deionized water. EC elecuicd mnductiviry: 
SAR, Na adsorption mtio: TEC, tow1 electrolyte mnccntnuon. 
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1998). The relative hydraulic conductivity (K,) initially 
decreased before increasing as a function of leaching 
volume or time. A combination of three mechanisms 
was suggested to explain the observed changes in satu- 
rated K, (Moutier et al., 1998): 

Swelling. Swelling of the quasi-crystals (reduction in 
the inuaaggregate porosity) was offered to explain the 
decrease of K (Blackmore and Miller, 1961) when a 
more dilute solution replaced a more concentrated one. 

Physical Compression of the Clay Fahrie Kemper et 
al. (1972) observed the physical compression of the clay 
fahricat the outflow side of a clay column. This compres- 
sion of clay resulted in lower K values in the oumow 
side of the column, and thus, lower average K values 
for the whole column. A similar observation was made 
in our laboratory in a leaching experiment on Ca-satu- 
rated Yizreel soil samples packed in columns equipped 
with piezometers (I. Shainberg, 1997, unpublished data). 
It was noted that with leaching, the hydraulic madient 
in the lower pan of the column increased (i.e., a decrease 
of K). Because water flow in such a column iscontrolled 
by the layer with the lowest K (i.e., a bottleneck for the 
water flow), the average K decreased. It should be noted 
that the decrease in K was not accompanied by a mea- 
surable change in the soil column length. The degree 
of compression increased with increasing hydraulic gra- 
dient and decreasing SARs (Moutier et al., 1998). as 
greater repulsion forces develop with higher SAR values 
(Kemper et al., 1972). 

Development of Cohesive Bonds The development 
of cohesive bonds between clay fabric structural units 
and microagggegates in close contact (Kemper and Ro- 
senau. 1984; Bresson and Boffin, 1990; Shainberg et al., 
1996; Levy et al., 1997), unlike the former two mecha- 
nisms, leads to an increase in the average size of trans- 
mission pores, and hence an increase in K, (Moutier et 
al., 1998). This concept of "reaggregation" is similar to 
the "coalescence" idea presented by Bresson and Boif- 
fin (1990). Coalescence is regarded as the welding of 
initially loose aggregates into larger, stronger structural 
units by plastic deformation that is induced by the pre- 
wetting procedure. Such structural changes in seedbeds 
of a red-brown earth wetted by capillary rise were also 
observed by Bresson and Moran (1995). 

The rate of cohesive bonds development, as inferred 
from the increase of K, with time, was also shown to 
depend on the hydraulic gradient applied and water 
quality (Moutier et al., 1998). The higher the hydraulic 
gradient and the lower the SARof the leachingsolution, 
the steeper the increase of K, with time of aging. This 
susested that the proximity of the clay particles was 
essential for the formation of the cohesive forces at 
the aggregate level (Zubkova, 1998). The "proximity" 
zonsideration explains some conflicting results related 
:o cohesive bond development under saturated condi- 
lions where water layers surrounding the clay panicles 
nay prevent close contacts (Blake and Giman, 1970; 
Kemper and Rosenau, 1984; Shainberg et al., 1996). 

The combined effect of intrinsic soil properties and 
:xtrinsic conditions in the measurement of saturated K 
.hould be studied in greater detail. We hypothesize that 
he hydraulicgradient effect on controllingthe saturated 
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Tablet Some physical and hemical properlies of Ute soils 
studied. 

Panid& dhiniution 

Soil Sand Silt Clay CECt Oat; GCO,  - g kg-' - cmol kg-' - g kg-' - 
r-IS w 143 703 s5-5 4.5 lt3 
Kednull 2 0  225 465 39.8 L1 151 

t CEC rationsxehaoge crpcily. 
$OM, organic maner mntenl determined by the lmr an wition melhod 

(Ben-Dor and Banin, 1989). 
5 From Moulier et tL (l998). 
0 From Levy et nL 0. 

hydraulic conductivity might be affected by the initial 
structural state of the soil sample. Thus, this study aims 
to investigate the effect of a hydrostatically induced 
pressurcon saturated K, as measured with the constant. 
head method, for two Ca-saturated vertisols of differing 
clay contents. The contrasting initial structure was 
achieved by varying the prewetting treatment prior to 
the K measurements. 

MATERIALS AND IMETHODS 
Disturbed samples of two smectitic soils (Chromic Haplox- 

erert) were taken from the A horizon (C-250 mm) of two 
cultivated fields from the Yineel Valley and thepleshet Plains 
(Kedma), Israel. Soil samples were physically and chemically 
characterized by standard methods (KIute, 1986; Page et al., 
1986) (Table 1). The clay fraction of these soils contained 
=64% smectite, 13% kaolinite, 4% illire, 12% calcite, and 7% 
ses~uioxides (Banin and Amiel. 1970). 

Sbil colum"s were prepared by pac!hg 120 g of sieved ( c 2  
mm) and airdried soil into small cylinders (5.4cm in diameter 
by =4 to 5 an long with a metal k e e n  co;ered with sand at 
the bottom). The dry bulk densities of Yizreel and Kedma 
soils were 133 C 0.02 (one standard deviation) and 1.46 r 
0.04 Mg m-', respectively. A filter papercovered thesurfaceof 
the soil to minimize soil disturbance when replacingsolutions. 
Aner packing, the soil columns were ~rewened 60m below, 
eitherhuickly (20 min, fast prewetting treaunent) or slowly 
(8 h, slow%ewetting treaunent), with a CaCI? solution (05 
M CI-). Calcium wstems were studied because rhe effecrs 
of hyd;aulic gradi;nt and aging were reported to be more 
pronounced in Ca-saturated soil samples (Moutieret al.. 1998). 
The  rew wet tine treatments were ch&n to simulate iikelv field 
conditions. Ih;: fast prewening was achieved by using akari- 
ottc bottle with zero water prermrc head set at the bonom 
of the dry soil column. Once the water level reached the top 
of the sample, the pressure head was increased to expos& 
the samples to an hydraulic gradient of approximately 12 
Rewetting rate was quantified by weighting the Marione bot- 
tle during capillary rise. This prewettingresulted in an average 
rate of 160 mL h-I (equivalent to 70 mm h-I). T%e slow 
prewetting was achieved by saturating the soil column from 
below using a peristaltic pump at an average flaw rate of 102 
mL h-' (equivalent to 45 mm h-') until a ponded water level 
of 1 an above thesoil surface was attained. Durincl~rewenin% 
and saturation of the soil columns, the Yiieel and Kedma 
soils swelled from an initial dry soil column length of 3.94 I 
0.07 and358 3 0.10~~1, rcspectively.to5.26 r 0.16and 4.44 z 
0.06 cm at the wet state. Swelling was more pronounced in 
Yineel soil because of its hi&er clav content. The flow was 
then reversed and the col& wereieached with a constant 
head device. Two hydraulic gradients (2.8 and 11.6 for Yieel; 
3.1 and 13.6 for Kedma) were applied, corresponding with 
hydrostatically induced pressures of 145 and 625 kg m-' for 
the low and high hydraulic gradient treatment. respeciivel?. 
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Table2 Mem absolute (xu) and relative hyddnulic conductivities (Z,,,,,fZ,,) with their standard deviations (a) calculated 31 the end 
of leaching with ClCh solutions (05,0.01 M CI-) and deionized water. For a gtven treatment, mean absolute and relative hydraulic 
conductivities of replicates were calculated at the same pore volume. 

Yineel Kedmn 

Fst Rereningr Slm Rewetting East Prewetting Stow Rewetting 

High Low High Low High Lor m@ Low 
gmdienl gradient gndient gradient gmdient gndient @en1 gndi-t 

~~~~ ~~ - 
K.. r u l.26 r 0.18 1.01 r 0 3  7.m r 1.71 4% r L75 LO7 = a&1 211 r L20 4.36 + 0.05 33S r L73 

t From Moutier et d (1998). 
$ DW, deionired mter. 

In order to ensure saturation of thesoilsamples with exchange- 
able Ca, the soil columns were leached with 10 to 30 pore 
volumes of a CaCI, solution (0.5 M CI-), which took 1 to 4 
h, depending on the prewetting treatment and the soil. How- 
ever, the conditioning stage (leaching with the 0.5 M CI- 
solution) was much longer for Yiieel soil samples exposed 
to a f~s<~rewetting andiow hydraulic gradient since leaching 
with 10 to 20 pore volumes took =22 h (~Moutier et al., 1998). 
The hydraulic conductivity measured at the end & the condi- 
tioning stage was taken -& reference hydraulic conductivity 
(Kos). 

Followine leachine with the 0 5  M CI- solution. the soil 
columns w&e leachei with =Sopore volumes (=5 ~ j o f  dilute 
CaCI, solution (0.01 M CI-) or DW. The 0.01 M Cl'solution 
was chosen in order to induce some sweltig (but no clay 
dispersion), whereas DW was used to simulate rainwater infil- 
tration. As development of cohesive forces were reported to 
be time dependent (e.g., Blake and Gilman, 1970; Shainberg 
et al., 1996). leaching duration was limited to 20 h. However, 
the treatment was much shorter for soil columns exposed to 
a high hydraulic gradient and slow prewetting rate as it only 
took 200 min to infiltrate 80 pore volumes through these 
columns. In the few cases where steady-state hydraulic conduc- 
tivities were not maintained, the experimental results were 
extrapolated to steady-state values, which are presented in 
Table 2. 

The hydraulic gradient was maintained constant during 
leaching for a given solution (05 M C1-. 0.01 M C1-. or DW) 
except for short periods (5-10 min) when flow was stopped 
to change the leaching solution. The 5-L Mariotte bottle with 
the original solution was first disconnected and the Mariotte 
bottle with the new solution then reconnected and the hydrau- 
lic gradient reestablished. This procedure minimized mixing 
of the two leaching solutions (Moutier et al., 1998). 

The column leachates were collected in tubes with a haction 
collector and electrical conductivity (EC), pH, and volume 
of leachate were measured. Results for both vertisols were 
compared in terms of relative hydraulic conductivity, K, de- 
fined as the ratio of the saturated hydraulic conductivity calcu- 
lated for agivensolution (Kw, or KDw) tothereference hydrau- 
lic conductivity calculated at the end of the conditioning stage 
(&I. Up to five replicates were carried out and the results 
were analyzed by one-way analysis of variance using paired 
Student r test (comparison of two means with unknown but 
equal variance). A significance level of 0.05 was chosen for 
the tests. 

RESULTS AND DISCUSSION 
Effects -. . of Prewetting Rate  

;.Mean reference hydraulic conductivities &), mean 
relative hydraulic conductivities (??An, or K ~ w )  mea- 
sured at the end of the corresponding leaching period, 

and their standard deviations_are~ummm~ed in Table 
2. Hydraulic conductivities (&, KaI, or Kaw) for the 
fast prewetting treatment of the Y i e e l  vertisol were 
not affected significantly by the hydraulic gradient. As 
expected, the slow prewetting treatment minimized . 
structure degradation and led to significantly higher val- 
ues when compared with the fast prewetting treatment. 
Relative hydraulic conductivities for the slow prewet- 
ting treatment for the Yureel soil samples exposed to 
a high hydraulic gadient were significantly higher L, 
than those exposed to a low hydraulic gradient for both 
leaching solutions. - 

A comparison of Km, as a function of pore volume 
(Fig. la) and cumulative time (Fig. lb) is given for 
Y i e e l  soils samples exposed to fast and slow prewet- 
ting and two different hydraulic gradients. When the 
0 5  M CI- solution was replaced by the 0.01 IM CI- 
solution XAal decreased, and attained a minimum before 
increasing as a function of pore volume or time. H2w- 
ever, the amplitude and the rate of increase of K a l  
differed among the treatments. Results for Yiieel soil 
samples exposed to fast prewetting were discussed else- 
where (Moutier et al., 1998) and only the main conclu- 
sions are presented. The decrease in Km was atmbuted 
to the combination of two mechanisms, namely swelling 
upon dilution of the leaching solution and physical com- 
pression of the clay fabric at the outflow end of the 
soil column (Kemper et al., 1972; Moutier et al., 1998). 
Physical compression increases with an increase in the 
hydrostatically induced pressure, and hence, with an 
increase in hydraulic gradient. The initial decrease was 
followed by an increase in Km. Increases ofthe hydrau- 
lic conductivities were reported by several authon 
(Christiansen, 1944; Constanrz et al., 1988;Faybishenko. 
1995). Faybishenko (1995) attributed his observations 
to air entrapment and its subsequent dissolution. OW 
soil samples were prewetted by capillary rise, and only 
immobile entrapped air remained in the column, repre- 
senting probably 4 %  of the total porosiry (Faybis- 
henko, 1995). This was also confirmed by flushing soil 
columns with C Q  prior to the prewetting treatment 
(data not presented). The small amount of enuapped 
COz dissolved readily during the soil conditioning phase 
when the soil was leached with the 0.5 M solution. The 
trends exhibited by Em, (Fig. 1) were similar for both 
air and C 0 2  flushing prior to soil saturation, with no 
significant difference between the two treatments. The 
experiment with and without C02  flushing confirmed 
(i) that the effect of entrapped air following the fast 
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Fig. L Relative h)dnulic conductinties ar a function of (a) pore volume and (b) accumulaled time for Y i l  leached with 0.01 M CI-solulionr 
(data for the fa. prewening treatmen1 were taken from Moutier el al, 1998). 
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2.0- 

prewetting procedureapplied to the soil columns was 
minimal and (ii) that dissolution of entrapped air was 
not responsible for the increase in iT;r(Lol. Thus, the devel- 
opment of cohesive bonds between clay fabricstructural 
units and microaggregates in close contact has been 
proposed to explain the observed increase in zdnt 
(Kemper and Rosenau, 1984; Shainberg et al., 1996; 
Moutier et al., 1998). 

The hydraulic wnductivity of the slow prewetted Yiz- 
reel soil columns also depended on the hydraulic gradi- 
ent (Fig. la). The higher the hydraulic gradient, the 
greater the increase in Tat. In the low hydraulic gradi- 
ent treatment, the effect of -aging time on the increase 
of EaOl was less pronounced in slow orewetted columns 

b) Yizreel soil - 0.01 M c i  
LIPI) 

P 
,6' 

6 
$ 

than in fast prewetted ones. When aggregate breakdown 
was reduced by slow prewetting, the efficacy of cohesive 
bond formation and reaogreaation was also limited. In 
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the high hydraulic gradient treatment, fast prewetting 
led to higher K ~ I  values than slow prewetting (Table 
2). although absolute values were much lower with the 
former treatment. Km equaled 2.90 and 16.05 cm h-I 
for the fast prewetting, high hydraulic gradient and slow 
prewetting, high hydraulic gradient treatments, respec- 
tively. 

The rate of development of interparticle bonding 
forces, as expressed by the rate of increase in Eml, was 
evaluated by plotting Eal as a function of cumulative 
time (Fig. lb). The assumption that prolonged leaching 
was needed for cohesive forces to develop is not neces- 
sarily - true (Moutier et al., 1998). A sharp increase in 
K ~ I  was observed for soil columns exposed to slow 
prewetting and high hydraulic gradient treatment in 
spite of the fact that leaching with the 0.01 M Cl-solu- 
tion lated only 200 rnin (Fig. lb). It is suggested there- 

fore that the rate of development of bonds behveen clay 
panicles in close proximity (e.g., when high hydraulic 
gradient is used) is very fast. Conversely, the formation 
of bonds in soils exposed to low hydraulic gradient is 
slow because of the relatively large distance between 
the clay particles. 

The observed interaction between the rate of bond 
formation, as expressed by the increase in Em. and the 
proximity of clay particles, as determined by the hydro- 
statically induced pressure, was verified by studying the 
effect of aging at zero hydraulic gradient. The experi- 
ment at fato gradient mimics experiments at zero com- 
paction such as those recently published by Ben-Hur et 
al. (1998). Following leaching with a 0.01 M CI- solution 
(five pore volumes), the slow prewetting treatment for 
Yizreel soil samples were exposed to a zero gradient 
and allowed to age for 16 h (960 min). The flow was 
then reestablished and a high hydraulic gradient of 11.8 
was applied (50 min). The rate of increase in xal in 
Yitreel soil samples exposed to azero hydraulicgradient 
for 16 h was much lower than the subsequent rate of 
increase when high hydraulic gradient was applied (Fig. 
2). Em, increased from 1.14 to 1.6 within 16 h (equiva- 
lent to a rate of 0.03 h-I) and from 1.6 to 2.2 within the 
subsequent 50 min (equivalent to a rate of 0.72 h-I) 
when the high hydraulic gradient was applied. The latter 
was close to the rate of increase of Em] observed in the 
slow prewetting, high hydraulicgradient treatment (0.54 
h-I) (Fig. 1 b). This experiment supported the hypothesis 
that the rate of hydraulic conductivity increase and the 
formation of cohesive bonds strongly depended on the 
mutual proximity of the clay particles. This is also clearly 
demonstrated in Fig. lb. For a given prewetting treat- 
ment, the rate of hydraulic conductivity increase was 
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higher in columns exposed to high hydraulic gradient 
than those exposed to low hydraulic gradient. This is in 
agreement with previously published data (Moutier et 
al., 1998) and confirms the fact that the rate of particle 
bond formation depends on the hydraulic gradient; the 
higher the hydraulic gradient, the closer the clay parti- 
cles and the higher the rate of cohesive forces develop- 
ment. This confirms recently published findigs that the 
"closeness" of clay particles is a prerequisite for the 
manifestation of these cohesive forces at the aggregate 
level (Zubkova, 1998). It also explains some conflicting 
evidence that cohesive interparticle bonds might de- 
velop under saturated conditions where water layers 
surrounding the clay particles impede close contacts 
(Blake and Giman, 1970; Kemper and Rosenau, 1984; 
Shainberg et al., 1996). 

Replacing the 0.01 M Cl-solution with DW resulted 
in a decrease in xaw of Yiieel  columns, eespective 
of the prewetting rate or the hydraulic gradient applied 
to the soil columns (Fig. 3a and 3b). Also presented in 
Fig. 3b are the quasi-steady state EC values measured 
at the end of leaching with DW. In the calcareous Yu- 
reel, EC values were affected by CaCO, dissolution 
that, in turn, depended on flow velocity. When a high 
hydraulic gradient was applied or when a high r a w  was 
maintained because of slow prewetting, a high water 
flux through the column was maintained. Consequently 
there was less time for CaC03 to dissolve, and EC was 
low (0.035 dS m-'). When the water flow was slowed 
by fast prewetting and a low hydraulic gradient, there 
~ 6 . s  more time for CaCO, to dissolve and the EC was 
higher (0.07 dS m-I). However, in both cases, the total 
eleckol~te concentrations, inferred born the ECs of the 
leachatest (Fig. 3b) were higher than the critical floccula- 
tid~.value of Ca-saturated smectite (0.25 m o l ,  L-I) 
( o s t e ~ e t  al., 1980). suggesting that swelling was the , . n :: .... 

~ . .  . 

0 400 8W 12M) 
Accumulated time (min) q 

governing mechanism responsible for the decrease in 
Kaw The long duration needed for the decrease in zaw 
(Fig. 3b), coupled with the fact that swelling is a slow 
process compared with clay dispersion (Keren andsinger, 
1988), further supported the swelling mechanism. 

After 1200 min of leaching, the Y i e e l  soil nith de- 
ionized water, raw was approaching a quasi-steady state 
value of 10.6, in three of the four treatments (Fig. 3b). 
The near steady state Kaw indicated that the s!velling 
in these columns was almost complete. Only in the soil 
columns subjected toaslow prewettingand high hydrau- 
lic gradient treatment, where the initial hydraulic con- 
ductivity was high ( L l  = 16.05 cm h-'). the leaching 
period with DW was short (200 min) and Ea, was 
maintained at 2.2. Slow prewetting prevented aggegate 
degradation and maintained large conducting pores be- 
tween the aggregates, whereas a high hydraulic gradient 
resulted in a short leaching time. Evidently, that peculiar 
combination prevented sweUingom reaching its full 
extent and resulted in a stable Kaw. The deleterious 
effect of DW on raw in these slowly prewetted, highly 
smectitic soil samples was probably prevented by the 
development of inter- and intraawegate cohesion 
forces resulting from the high hydraulic gradient, and 
limited swelling. 

Effects of Clay Content 

Mean reference hydraulic conductivities &), mean 
relative hydraulic conductivities (Kdol or Kas.) mea- 
sured at the end of leaching and their standard devia- 
tions for the vertisol with a lower clay content (Kedma 
soil with 46.5% clay) arr also summarized in Table 2. 
The reference values (&) of the Kedma exposed to 
fast prewetting were 1.07 and 2.11 cm h-I under high 
and low hydraulic gradient treatments, respectively, and 
were similar to those for YiPeel despite the difference 
between their clay contents. As expected, slow prewet- 
ting resulted in higher &. However, this increase in 

was lower than the corresponding increase for Yiz- 
reel (Table 2 1  The more pronounced effect of prewet- 
ting rate on & of Y i e e l  was attributed to the more 
stable structure that its higher clay content imparted to 
this soil (Kemper and Koch. 1966); the hi@er the clay 
content, the more stable the aggregates. Slow prewetting 
did not cause azereeate breakdown in the Y i e l  soil: - - 
therefore L was high. Due to its lower clay content. 
Kedma soil aggregates were leu; stable and some slaking 
probably occurred during the slow prewetting treat- 
ment, resulting in the lower & values. When fast pre- 
wetting was applied, aggregate disiitesation occurred 
in both soils, resulting in comparable Kar values. 

As cohesive forces are more prone to develop in soils 
with higher clay contents (Singeret al., 1992). the impact 
of hydraulic gradient on hydraulic conductivity was ex- 
pected to be leu; pronounced in Kedma soil samples. 
All treatments (Fig. 4a), with the exception of the slow 
prewetting, low hydraulic gradient treatment, resulted 
--. 

'The totai clectrolrc concentration (TEC) ao be inferred bom 
the EC u s i q  the follom'ng approximation: TEC (mmoL L-') = 10 
EC (dS m-'). 
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Fig.3. Relative hydraulic conductivities u a function of (a) pore volume and (b) ammulated time fo! Y i e l  le&w.d with deionized aater 
(data for the fast prewening treatment were taken from Moutier el  aL, 1998). 

in trends similar to those of Yizreel (Fig. la)  but were This difference was probably due to the more limited 
less pronounced. For the Kedma vertisol, both prewet- swelling in the Kedma with its low clay content. Having 
ting treatments resulted in final Fa, values that were a lower clay content (number of clay to clay contacts), 
not significantly affected by the hydraulic gradient. the rate of cohesive bond formation was lower for 

When a highhydraulic gradient was applied following Kedma than for Yineel. As a result, the initial decrease 
fast prewetting, K ~ I  first decreased. However, the dura- in ??&or was followed by a more ,mdual increase in the 
tion of the hydraulic conductivity decrease was shorter Kedma vertisol (Fig. 4) than the corresponding increase 
in the Kedma than in the Yizreel(10 pore volumes for in the Yizreel vertisol (Fig. 1). 
Kedma compared with 30 pore volumes for Y iee l ) .  Data in Fig. 4a support our hypothesis that the initial 

-A- Slow p r e w s W i p h  gradiat 
-A- SbW preuettins-Lcw glDdient 
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Fig. 4. Relative hydraulic condudivities as a function of (a) pore volume and (b) ammulated time for Kedma leached with 0.01 I\! 63-solutionr 
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Fig.5. Rebtire hydraulic conductivities as a tunetiom of (a) pore volume 

structural state of Kedma affects the impact of hydraulic 
~ g i e n t  on relative hydraulic conductivity. The increase 
1x1 K,,,,,, for Kedma soil columns exposed to a low hydrau- 
lic gradient was more pronounced following a slow pre- 
wetting than following a fast prewetting treatment (Fig. 
4a). Due to the lower clay content in Kedma soil sam- 
ples, fast prewetting resulted in a more extensive break- 
down of soil awegates, and the effects of aging and 
the increase in Kaol were less pronounced. Conversely, 
under slow prewetting, the increase in xml was more 
pronounced because aging was more extensive in par- 
tially broken aggregates. These results (Fig. 4a) sup- 
ported a previously published assumption (Levy et al., 
1997) that aging is more effective in partially disiite- 
grated aggregates than in agregates where ztensive 
slaking has taken place. Thus, the increase of Kao, was 
greatest when Kedma columns were exposed to slow 
prewetting and a low hydraulic gradient. Unlike the 
other three treatments, this treatment seemed to be 
more effective in improving Em, in the Kedma than in 
the Y i e e l  soil. 

The change in xao, with time for Kedma soil is shown 
in Fig. 4b. The results confirmed the strong dependence 
between the rate of development of interparticle bind- 
ing forces, as inferred from the rate of increase in Km,, 
and the mutual proximity of clay particles within the 
clay fabric, as determined by the hydraulic gradient ap- 
plied to the soil column for a given treatment. The rate 
of bond formation increased with increasing hydraulic 
gradient. Because of the more stable structure resulting 
from slow prewetting, a similar hydraulic gradient treat- 
mentresulted in a higher rate of cohesive bond develop- 
ment than that which followed fast prewetting. 
-The effect of clay content on the rate of increase in 
Km, is demonstrated by comparing the results shown 

0.0 4- 
0 400 800 1200 

Accumulated time (rnin) 
and (b) aceumulnted time for Kedma lenched m'th deioobed water. 

in Fig. l b  and 4b. Following slow prewetting, the rate 
of development of interparticle binding forces increased 
in the following order: low hydraulic gradient (Yieel)  
< low hydraulic gradient (Kedma) < high hydraulic 
gradient (Kedma) < high hydraulic gradient ( Y i e l ) .  
The lowest and the highest rates were both ascribed 
to the high clay content of Yiee l .  High clay content 
contributed to two opposing tendencies: (i) a limited 
effect of aging because of the more stable clay fabric 
and (ii) an enhanced number of potential clay to clay 
contacts, which increases with increasing hydraulic gra- 
dient. Because of its lower clay content. Kedma exhib- 
ited intermediate rates of bond formation for similar 
hvdraulic zradient treatments. FoUowino fast vrewet- --, 
ting, the ekes of hydraulic gradient on ths rate of cohe- 
sive bond formation was more ~ronounced in Yizreel -. . . 

(Fig. lb) than in Kedma because iast prewetting resulted 
in extensive slaking, which affected the Kedma to a 
greater extent, and the rate of cohesive bond formation 
was lower in the latter (Fig. 4b). 

When the 0.01 M CL-solution was replaced with DW, 
xaw of the Kedma decreased irrespective of the prewet- 
ling rate or the hydraulic gradient applied to the soil 
columns (Fig. 5). The quasi-steady state ECs of the 
effluent are presented in Fig. 5b. As in the case of the 
Y i e e l  soil, the high EC in the Kedma was due to 
CaCO, dissolution and depended on flow rates. Despite 
similarities in the ECs of the effluents when the two 
soils were leached with deionized water, the following 
should be noted: 

1. The fast prewetting and high hydraulic ,pdient 
treatment resulted in comparable relative hydrau- 
lic conductivity values in the two soils (Table 2). 
Evidently, swelling affected both soils in a similar 
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A Thermal Wave Approach for Heat Transfer in a Nonuniform Soil 

Mostafa A. Karam* 

ABSTRACT % reflection and transmission coefficients characte*~ 
Anovelthermd ~ a v e m o d e l i s d e v e l ~ ~ ~ d f ~ ~ ~ d y i ~ ~ h ~ ~ t t ~ ~ f ~ ~  thermal waves at the interfaces of layered soils are for- 

I,, nonunifom soilr me model. which b bwd an the w;lve-like mulated and then used to create a thermal wave model ...... ~ ~~~~ ~ ~ 

chnneteristicr ofperiodic hmt flow, discretiles thesoil intorub~n,ers. for constructing temperature profiles in nonuniform 
The tom t h e d  reflection m d  tnnsmisrion coeIlidenll31 the inter- soils. The model is tested and validated using the predic- 
faces of those sublayers are formulated and then employed to con- tions of two exact analytic models. One of those models 
stmet thesoil temperature and hen1 flm proWes from their vdues at has been develooed for soils having thermal orowrties . 
the air-roil interface Numerical simulations shored that the thermal described by (kassman, igg) ,  and 
w e  model could prediet the predictions of two exad annlytiemodelg the other model has been developed for soils having 
for the temperature profiles and their derivatives thermal properties described by linear profiles (Nerpin 

and Chudnovskii, 1984). The mathematical formula- 

THAS BEENSHOWN that periodic heat flow in a medium I can be described by the propagation of thermal 
waves in such a medium. Those thermal waves have 
characteristics similar to the characteristics of other 
types of waves (e.g., electromagnetic waves and acoustic 
waves). Among these characteristics are the reflection 
and transmission at interfaces separating two media, 
scattering from thermal anomalies, and interference. 
There has been considerable interest in exploiting the 
characteristics of thermal waves in detecting, analyzing, 
and imaging thermal and nonthermal features in a vari- 
ety of materials (Bemet and Patty, 1982; Rosencwaig 
et al., 1985; Tang and Araki, 1996). In this study, two 
characteristics of thermal waves in layered media are 
explored and then used to study heat transfer in nonuni- 
form soils. This study is the first step in our attempt to 
answer the following questions: can we apply techniques 
developed for studying wave propagation to study heat 
transfer, and how accurate are the results stemming 
from applying those techniques? Answering these ques- 
tions may lead to an alternative efficient technique for 
studying heat transfer in soils, or it may enhance some 
of the existing techniques for studying heat transfer. 

To achieve the objective of thii study, the thermal 

tions describing those G o  analytic models are usually 
given in terms of Kelvin's functions of different orders. 
To ensure that those formulations are correct and their 
predictions are exact, they are rederived, and pro- 
grammed on a digital computer using FORTRAIV 
language. 

THEORY AND METHODS 
Thermal Wave Characteristics in Layered Soils 
Let us explore the thermal wave characteristics of 

periodic heat transfer in layered soils and derive two 
of those characteristics that will be used to study heat 
transfer in nonuniform soils. To do so, we consider a 
layered soil occupying the lower-half space and having 
(N + 1) layers (Fig. 1). Any arbitrary layer n (n = 
1,. . ., N + 1) within the layered soil has thermalproper- 
ties (e.g., thermal conductivity 16, and heat capacity c") 
that are taken to be uniform, time independent, and 
different from the corresponding properties of other 
layers. The onedimensional equation governing the 
temperature T. (ZJ) withii the arbitrary layer n can be 
written as (-dB < z < - d.,,, d, = 0). 

". -* 

GenCorp Aerojet, 11W W. HoUyfak St.. Azusa. CA where Tis temperature ("C), tis time (s),z is an arbiuary 
g1702~eaived3 May 1999.*Correspondiogauthor(mm~a~~-@ depth below the surface within a layer, and d is a depth ,:?ojeLcotn). - ,!. . below the surface at a layer interface. 
'%blirhed in Soil Sci. Soc. ~ m .  J. 64:1219-1225 ( 2 ~ ) .  In the quasi steady-state portion of the solution 
. .. . 
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Introduction 

Development of irrigation accompanied by discharge improvement of Syr-Darya, 
increase of water intake and irrevocable water consumption at the upper and middle 
stream has led to extreme deficiency of water resources, anthropogenic aridization 
and transformation of soil cover at the low reaches of the river. The most valuable for 
agriculture hydromorphic soils of delta-alluvial Syr-Darya plain (prodelta - Chiili 
massif, ancient delta - Kzylorda massif, current delta - Kazalinsk massif) have been 
mostly transformed. Desertification process is going on out of irrigation zone, 
secondary salinization is observed at irrigation massifs. 

Less favourable salt regime of seasonal-reversible nature arises in conditions of 
Chiili massif, where soil testing was held, and rice, demanding the long-term flooding, 
is cultivated together with crops of interrupted irrigation. Irrigation by overstating 
rates under surface furrow irrigation and weak outflow of ground water cause gradual 
lifting of ground water leading to secondary salinization and soil swamping. Besides, 
irrigation erosion takes place under furrow irrigation. Sediments formation at the 
bottom of furrow deteriorates conditions of moisture absorbtion by soil. 

Proceed from these facts the problem of an alternative method (to the furrow one) of 
irrigation is very actual in practice and for ecologic optimization of soil resources in 
the region. 

The project stipulates study of irrigation methods that don't cause aftereffects. 
The work is fulfilled jointly with the Institute of Soil and Water, Israel, beginning 

from the first of April, 1997 to December 1999, on fmansial means of the Grant TA- 
MOU-96-CA16-016 "Improving irrigation management in the Syr-Darya delta". 

The main field and laboratory experiments were performed in Kazakhstan at the 
Institute of Soil science, final results are represented in this report. 



1. Natural conditions of the object subjected to study 

1.1. Conditions of soil formation 

Chiili massif of irrigation occupies the major part of Syr-Darya prodelta It is a part 
of Chiili region, Kzyl-Orda oblast. 

Natural conditions of the prodelta are shown in works of many investigators 
(Borovskiy, 1956, 1958; Egorichev, 1961, 1963; Noskova, 1964; Akhrnedsafin, 1961; 
Rubtsov, 1962; Zhakbaspaev, 1952, Mozhaytseva 1973). 

As far as geomorphology is concerned, prodelta is represented by alluvial plain 
stretching as a band along the river between Karatau and Kzylkum plateau. 
V.M.Borovskiy distinguished in 1958 the Syr-Darya valley in prodelta region 
characterized as weakly inclined from the river and piedmont alluvial-proalluvial 
plain with inclination to the river. 

Except these two elements of macrorelief, elements of mezorelief typical for 
deltas of the southern Kazakhstan develop on alluvial plain namely natural levees and 
flat ouvals bordering depressions on interriver bed inclinations. 

Definite types of sediments correspond to the mentioned above elements of 
accumulative relief, depositing of which takes place in some hydrodynamic 
conditions, i.e. the process of litho-morpho-genesis unity is going on. 

Syr-Darya, being the main supplier of ancient and current alluvial, regularly 
distributes it during floods. 

Silty loamies and light loam prevail in the structure of natural levees. Depressions 
of natural inclinations mainly consist of clays and loams. Rocks with prevalence of 
silty loams and loarnies, being more diverse by granulometric composition, take place 
in the structure of flat water shed ouvals. 

Geologic structure of the prodelta is presented by complex of Quarternary alluvial 
deposits mainly of light granulometric composition with thickness up to 50 m, layered 
by saline clays of Palaeogene-Neogene age. 

Ground waters of the massif are located in loose clastic deposits of Quarternary 
age. Chalk-Palaeogene clays serve as impexmeable layer for them, the surface of 
which has got a basin nature and doesn't have general slope to the Aral sea because of 
tectonics, destruction and accumulation. (Borovskiy, Pogrebinskiy, 1958). 

Ground waters of the massif are enclosed and they are subjected to transpiration 
and evaporation leading to constant accumulation of salts which are delivered there 
with the surface discharge. Now the regime of ground waters is subjected mainly to 
irrigational factor, hydrogeologic type of the regime is transformed to imgational one. 
Jnigation by overstating rates in conditions of the territory weak drainage causes 
progressive elevating of the ground waters' level, providing secondary salinization 
and soil swamping. (Egorov,1959; Kovda, 1977, 1981; Borovskiy, 1958, 1978, 1982,; 
Akhanov, 1982). 

By climatic indices the territory of Chiili massif refers to the northern desert The 
climate is highly continental with dry hot summer, cold winter with rare snow, strong 
winds, sand storms. The total sum of positive temperatures is higher than 15' C and 
reaches 3464', it permits to cultivate different crops within the irrigated territories. 
(Zhapbasbaev, 1965). 

Average annual amount of precipitation don't exceed 100 mmlyear. The major part 
of precipitation falls in cold period of the year. The sum of precipitation in the long- 
term cycle is considerably less than the deficit of air humidity. Extreme increase of air 



humidity deficit is observed in spring and decreases in autumn causing intensive 
moisture evaporation from the soil surface and drying of the profile upper part up to 
air-dry condition. 

Vegetation of the massif depends on hydrologic regime, soil salinization and other 
conditions. Gallery tugai forests,typical for the Central Asia, grow on natural levees of 
functioning river beds. Reeds grow on intemver bed inclinations which are becoming 
dry now everywhere. Holophites are located on flat water sheds and on slopes of 
natural levees. The main vegetation on takyr-like soils is represented by Haloxylon 
aphyllum, Salsola rigida, Anabasis salsa 

1.2. Soil cover 

The significance of a relief as a differentiator of soil cover is well known. But in 
deltas this factor is realised vividly because hydrologic factor is connected with it and 
plays a decisive role in delta soil formation. (Egorov, 1959; Borovskiy, 1958; 
Akhanov, 1987). 

Alluvial-meadow soils are forming on natural levees of the river and it's delta 
channels, composed by 1ayere.d alluvial of light mechanical composition with weakly 
mineralized ground waters. 

Soils of the swamp series are fonning in flat wide depressions of inteniver bed 
inclinations composed by heavy grounds with enclosed ground waters dynamic either 
by the depth or by mineralization. Holomorphic soils are located on undulate water 
sheds of the second order with mineralized ground waters. 

Arid climate in combination with enclosed territories impart unique zonal-provincial 
characters to hydromorphic process of soil formation in delta, displaying in wide 
spreading of soils with different IeveI and nature of salinization. 

Alluvial-meadow soils of natural levees are forming on layered structural grounds of 
light mechanic composition under Elaeagnus oxycarpa, Salix wilhelmsiana, 
with herbs. These soils are characterized by weak surface salinization of chloride- 
sulphate type. Ground waters are located at the depth of 1.3-3 m, they are mainly 
fresh, sometimes weakly saltish with weak outflow aside from the river bed. 

Intensive dark-gray colour of the humus horizon caused by organic matter and 
humus content of 0.7-2% are typical for alluvial-meadow soils. 

Upper humus horizon with loam mechanic composition has a clearly displayed 
clotted, clotted-graining structure and becomes structureless or vague-clotted with 
loamy composition. Modifying of carbonates' content along the profile is ~ 0 ~ ~ t e . d  
with composition transformation of alluvial layers. Absorbing capacity of the upper 
horizons - 7.7-10.0 mg-equ per lOOg of soil, calcium prevails in composition of the 
absorbed bases. 
Swamp-meadow soils of the massif are considerably spread, occupying the slopes of 

natural levees and elevated water sheds. They are formed under herb-reed vegetation 
(on fallow soils under weeds-reed vegetation) with close location (2 m) of ground 
waters and difficult conditions of local undersurface flow. The soils are formed by 
layered alluvium, mainly of loam composition. 
Humus horizon with thickness 20-30 cm is rather strongly pronounced. Humus level 
in upper horizons ranges within 2-3s. The sum of the absorbed bases is 16-20 mg- 
equ per 100 g of soil with prevalence of the exchangeable calcium. 

Meadow-swamp soils are also widely spread at the massif. They occupy wide flat 
depressions formed by ground of heavy mechanic composition. Vegetation cover of 



them is homogeneous and consists of reed ( Phragmites communis). Saltish ground 
waters are located at the depth 2-3 m, they are salinized from the surface. Virgin lands 
are met rarely, mainly they are cultivated and included into agrucultural fund of the 
most suitable soils for rice growing. Meadow-swamp soils have dark humus horizon 
with 2 4 %  of humus level. The sum of the absorbed bases in arable horizon makes up 
12-25 mg-equ. Calcium plays the main role in soil absorbing complex. 

Meadow-swamp soils are transforming into dry and desert variants with decrease of 
prodelta watering and change of hydrologic regime. 

Swamp soils occupy flat depressions of intemver bed basins with typical Typha 
angustifolia-phragmites communis vegetation group. The swamp soils in natural 
conditions after inundation by flooding or waste waters exist not so long. As they 
become dry and the level of the ground waters decreases they transform into meadow- 
swamp soils. 

Irrigated (paddy) swamp soils are the most interesting for agriculture. Pecularities of 
rice cultivation (the long-term flooding) causes series of qualitative changes in soil. 
During the whole vegetation period, anaerobic conditions are forming in soil, causing 
hydrogen sulphide, methane formation, which are harmful for plants and 
accumulation of FeO, manganese and other elements with variable valency. And the 
heavier mechanic composition the greater these processes are expressed. Rice 
cultivation on soils with light granulometric composition leads to freshening of soils 
and ground waters. Salt regime has a season-reversible nature. 

Solonchacks occupy mainly flat water shed ouvals of interriver bed depressions, 
they are characterized by high surface and deep profile salinization 2-6'76, mainly of 
chloride-sulphate type. Mineralized ground waters occure at the depth of 3-7 m with 
chlorides prevalence. Natural thinning is typical for the plant cover consisting of 
separate bushes such as Tamarix gracilis, Halocnemum strobilaceum and other typical 
Salsolas. 

Takyr-like soils located in peripheral part of prodelta occupy the upland elements of 
the relief - flat ouvals. Ground waters occure deeply (6-12 m), they have a layered 
structure mainly of light mechanical composition and develop under Haloxylon 
aphyllum, Artemisia panciflora, Anabadis salsa, Salsolas and ephemers. 

Thus it is difficult to achieve full regulation of water-salt regime in delta soils under 
imgation. Excessive irrigation in some cases and insufficient irrigation in other cases, 
caused by imperfect irrigation and drainage net in conditions of weak natural outflow 
of ground waters, make furrow irrigation low effective and productivity of soil 
becomes very low. The necessity of looking for new ways of irrigation management, 
improving at the low reaches of Syr-Darya is obvious. 

2. Optimization of water regime in hydromorphic soils of delta-alluvial plains of 
Syr-Darya with the help of artificial conditioning. 

Swamp-meadow soils of Chiili massif of irrigation were the object of 
investigation. It is located at the right bank of Syr-Darya prodelta part. 

A site, where soil pit was established for characteristic of soil, had been chosen on 
the temtory of the joint stock company "Gigant" for field experimental work. The site 
is located on the flat ouval scarcely visible. Vegetation cover consists of reeds, 
Aeluropus litoralis (Gouan Parl.) and weed herbs. 



0-20 cm. Dark-gray, of coarse clattered structure heavy loam, compacted, dry 
to the top and wet to the bottom with rare vertical fissures, thickly trancpierced by 
plant roots. 

20-33 cm. Light-gray, structureless, compacted heavy loam. Humid with 
humus streaks in the form of pockets. 

33-53 cm. Buried horison with interlayer of carbon substances - traces of 
former sites of a fire, heavy loamy, humid. 

53-103 cm. Light-gray with bluish-lie and ochre-like veins and interlayers, 
moderately loamy, structureless, humid - at the top, wet - at the bottom. Ground water 
is at the depth of 103 cm. 

Humus horizon of small thickness (20-25 cm) has mottles typical for arable soils - a 
result of layers mixing under tillage. 

Humus distribution has a regresive-accumulative type with maximum at the top 
horizon. Relative poorness of humus by nitrogen is typical - relation C:N is equal to 
11.9-13.5 (table 1). 

Table 1. Chemical and water-physical properties of swamp-meadow soils. 

Soil humidity, located lower than 29 cm, exceeds the least water capacity in the 
profile of the given soils with the depth of ground waters 1.0-1.5 m. 

In arable horizon water deficit makes up 171.6 m 3 h a  Soil gleization - rusty and 
bluish-lie mottles and pockets are visible at the lowest horizon in connection with 
high soil moisture. 

By mechanical composition the soil is distinguished by a rather homogenious 
profile with some prevalence of heavy loams. The soil consists of silt particles by 75- 
80%, the fraction of coarse silt prevails. 

Comparison of results of mechanic and microaggregate composition shows that soil 
comprises a considerable amount of waterstable microaggregates damaged only under 
mechanic tillage. 

The factor of dispersity (K), showing the level of microaggregates' damage in water 
(water stability of microaggregates) is rather low and equal to 12.9 (table 2). 

The overwhelming part of microaggregates at the upper layers of soil refers to 
fractions of fine sand and coarse silt (up to 75%). Therefore this soil inspite of heavy 
loam mechanic composition, and because of microaggregation will have higher water 
and air 



Table 2. Mechanic and microaggregate composition of swamp-meadow soils. 

Depth, 
cm 

According to morphologic signs and results of chemical analysis the signs of 
alkalinity haven't been found in this soil. Absorbing capacity in the upper humus 
horizon is 21.1 mg-equ per 100 g of soil. The content of exchange sodium is very low 
and doesn't exceed 0.9% from the sum, the content of calcium and magnesium is 
rather high (table 3). 

Table 3. Composition of the absorbed bases in swampmeadow soil. 

Microaggregate composition 

Analyses of water extraction (table 4) show, that the soil is surface-medium 
salanised with chloride-sulphate type of chemism. Ca, Mg and Na are in equal amount 
in cation composition. 

Table 4. Composition of swamp-meadow soils' water extraction, %/mg-equ. 
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Salt distribution along the profile greatly modifies. Salts are absolutely absent in 
underarable firm horizon, soil is fresh. The buried horizon is analogous to arable 
horizon by salinization, the sum of salts is 0.599%. According to the type of 
salinization it is also a chloride-sulphate one, sodium ions prevail in composition of 
cations. Demineralized horizon is located lower and contacts with ground waters 
directly. 

Alkalinity from the normal carbonates in C03 is absent along the whole profile and 
alkalinity in HC03 achieves the threshold of toxicity and makes up 0.95 mg-equ per 
100 g of soil only in buried horizon. Apparently, it is connected with ash composition 
of buried coal matters of the former tugai vegetation. 
Washing regime of irrigation with rates exceeding water retaining ability of soil by 
20-30% is practised under exploitation of such soils for cultivation of intermpted 
irrigation crops at the massif. Such practice has a negative side consisting in constant 
elevating of ground waters' level up to the critical one. Irrigation erosion is observed 
under furrow irrigation caused by fractions of silt particles prevailing in the ground 
composition. 

33- 
53 

53- 
104 

2.1. Influence of PAM on structural pecularities of soils. 

Soil structure is indispensable consequence of soil formation process and it 
regulates the main processes going on in soil. It plays a diverse but always protective 
role for life of plants from unfavourable conditions and it is a powerful means for 
regulation of soil conditions and soil protection from water and wind erosion. All of it 
put soil structure at one of the first places among the elements of soil fertility. 

It should be noted here that the soil structure from agronomic and morpho-genetic 
points of view - different notions. From morphologic point of view, soil structure is, 
first of all, a form of it's physical manifistation, i.e. it is a diagnostic sign on the basis 
of which and in combination with other signs under field researches, soil can be 
refered to a corresponding place in soil classification. 

From astronomic point of view, structural soils are those soils where 
mezoaggregates prevail, i.e. aggregates are of 0.25 - 10 mm, which promote soil 
fertility in the long run. All other soils under such conditions are considered to be 
structureless. Further only agronomic structure, it's influence on water regime and 
components of soil water balance will be considered. 

Soil structure has a great amelioration significance in conditions of Chiili massive of 
irrigation in Syr-Darya prodelta, where investigations were carried out. It is well 
known that rice (Oriza sativa) is cultivated with other cultures of surge irrigation at 
the mentioned above massif and other massifs of the region (Kzylorda and Kazalmsk) 
and requires a long-term water inundation which promotes a gradual lifting of 
mineralized ground waters' level causing a threat of secondary soil salinization. 
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In these cases it is necessary to lead arable horison to a condition of clattered 
structure which will break an ascending cappilar water current and decrease a danger 
of salinization. 

One of the main characteristics of structural soil is water stability of it's aggregates - 
stability to destroying action of water, determined by aggregate analysis. 
Analysis of soil water stability together with diagnostic aims can be considered as a 
peculiar model for influence of imgation water on concrete soil. Resistance to water 
diffusion or water stability of aggregates is different in any separate case and depends 
on mechanic composition of soil, amount of cementing substances, type and dose of 
artificial conditioners and other factors of biologic and abiotic nature. 

In connection with the stated above there have been conducted laboratory and field 
experiments on soils of Chiili massif. Polyacrilimid was used as an artificial 
conditioner. It was given by our colleagues - co-investigators of the project, Institute 
of Soils and Water (Israel). 

Method of experiment conduction is as follows: 
Soil lot of arable horizon was treated by polyacrilomid in the corresponing doses: 

1.0; 4.0; 10.0; 40.0 kg/ha after drying to air-dry condition and reducing to fra-ments. 
. After the long-term drying during 30 days the soils were subjected to structural and 

aggregate analysis according to Savinov's method. 
The essence of the method is in the following: soil samples after drying up to air- 

dry condition disperse on the column of soil sieves with the holes from 0.25 to 10 
mm. After dispersion, the weight of aggregates left on each sieve is determined. Then, 
percentage content of each aggrigate fraction was determined by weighing on balance. 
So soil structural analysis finishes. 

Further, from each structural fraction a half doze of it's percentage content 
(expressed in grammes) is selected and combined together, it makes up a lot for 
aggregate analysis. The lot, received by this way, is wet by water and "wet sieving" in 
water with the same set of sieves is performed as it had been made in case of 
structural analysis. Percentage of water stable aggregates is calculated by weighing of 
fractions left at each sieve. 

Results of the performed experiment on influence of different dozes of 
polyacryloamide on structure-aggregate composition of swamp-meadow soil show 
that all the tested dozes positively influence on the given property of soil (table 5). 

Increase of agronomically valuable aggregates' amount (0.25-10 mm) is observed in 
all variants in comparison with control. Factor of dispersion (K), showing the relations 
between mezoaggregates and the sum of macro- and microaggregates, increased in 
comparison with control by 1.1-2.1 times. 



Table 5. Influence of different dozes of PAM on structure-aggregate composition of 
swamp-meadow soil, % . 

structural 

Optimal doze, providing a well structured layer of swamp-meadow soil is the doze - 
10 kgtha. 

Thus, the received data permit to make a conclusion that PAM in doze 10 kgha 
promotes fonnation of a rather large amount of water stable aggregates together with 
increase of dispersion factor of swamp-meadow soils and it is a means for 
conservation of favourable soil structure, means for crust fonnation control, 
compactness and irrigation erosion. 

Microstructure under it's porosity and water stability favourably influences on 
agronomic properties of soil. Microaggregates of 0.25-0.05 and 0.05-0.01 mrn are the 
best ones. Microaggregates with the size of medium silt (0.01-0.005 mm) impede 
water- and airexchange, promote increase of evaporation ability of soils. Comparison 
of data received after mechanical and microaggregate analyses, made simultaneously, 
is one of the methods that helps to learn the level of microaggregates water stability. 

Corning from the given above statement, soil samples from the first experiment 
were subjected to microaggregate analysis and the initial (control) soil - to mechanic 
analysis in order to learn influence of PAM on the amount and water stability of 
microaggregates. 

Results of microaggregate analysis of soil, treated by different dozes of PAM show 
that in a whole a tendency to increase of microaggregates size is observed, i. e. such 
method promotes an increase of water stable microaggregates' amount (table 6).  



Table 6. Transformation of microaggregate composition of soil under the influence of 

Mechanical composition of initial soil 
Control 1 0 2  1 8 4  1 31,3 1 13,s 1 25,4 1 20,9 1 - 

PAM. 

The factor of microaggregate enlargement as a result of soil tillage by PAM is 
obviously visible if we compare microaggregate composition with the mechanical 
one. The factor of dispersion, that characterizes the level of microaggregates 
distruction in water and expressed by correlation of microaggregates with the size of 
clay fraction and clay content according to the data of mechanic analysis show that the 
most optimal doze of PAM, when factor of dispersion has the lowest value (15.8%), is 
10 kg/ha 

Therefore, coming from the amount and quality (sizes) of microaggregates under 
PAM 10 kglha, it is possible to make a conclusion that the given doze promotes the 
formation of the more structural upper layer of soil and it will decrease physical 
evaporation of water from the soil surface. 

It should be noted that improvemwnt of macro- and microaggregate soil 
composition is a direct argument for decrease of soil evaporation ability. Thus a 
laboratory experiment was carried out for examination of the given statement with a 
direct determination of evaporation intensity from the soil surface, treated by PAM, 

Variants 

2.2 Influence of artificially formed structure on water evaporation from the soil 
surface. 

Unproductive part of soils' water balance is physical evaporation of water from the 
soil surface. Physical evaporation leads to fatal aftereffects for yields of crops under 
insufficient amount of water. 

Structural pecularities of soil surface layer - velocity of water lifting to evaporating 
surface, is one of the causes that influences on the rate of water evaporation from the 
soil surface. 

As the essential factor of water delivering to evaporating surface from deeper soil 
layers is capillar lifting of water, so changes in structure of the soil surface layer, 
conditioned by application of chemical materials, must transform regime of 

~~ - 

evaporation. 
Evaporation decreases owing to formation of structural condition to the upper soil 

layer. Formation of the set of non-capillar intervals abruptly retards capillar elivating, 
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decreases the rate of evaporation and conserves water. It is especially valuable in 
imgation agriculture with deficite of water resources in such regions as Aralsk one. 

B.D.Mikhailov (1961) showed that after PAM application in doze 0.0005% from 
weight of soil in the layer of 5 cm after each imgation, 120 m3 /ha of water are 
conserved in it. 

N.LEshanov (1965), investigating evaporation in field experiments on sierozems 
under their conditioning by the polymer K-4 in doze from300 to 1000 kgha notes that 
humidity in control variant was by 2-3% less than in experimental one. 

Thus, even simple enlargement of aggregates forms necessary preconditions for 
evaporation decrease. 

S.N.Dolgov (1948), investigating the rates of capillar water lifting to evaporating 
surface in soil aggregates of different diameters showed that the hight of capillar 
lifting is more in microaggregates c 0.25 mm than in macroaggregate soils. 

S.N.Ryzhov and V.Z.Bogomolov (1934), learning dependence of evaporation from 
the soil surface on the structure of the upper layer, came to the conclusion that more 
amount of water is lost during the first period of drylng from the aggregate layer under 
rather high humidity, and during the further periods microaggregate, dispersed soil 
becomes dry very quickly. 

Experiments were carried out in vessels with swamp-meadow soil sifted through a 
sieve of 2 mrn. PAM was applied id the upper layer of soil as a solution. Soil humidity 
was under observation during 6 days, by weighing the soil on balance. 

The results of observation show that difference in water loss in different variants 
wasn't essential (table 7) when the soils had a rather high humidity. 

Table 7. Dynamics of humidity depending on PAM dozes, %. 

Further as humidity decreased, PAM begins it's activity, so the dozes of 10 and 4 
kglha appeared to be the most effective for decrease of physical evaporation. The 
variants with these dozes in comparison with control comprize more water, 
correspondingly by 2.1 and 1.9%. 

Efficiency of 10 kgha PAM doze for decrease of soil evaporating ability was tested 
in conditions of field experiment at Chiili massif of irrigation. The sizes of 
experimental plots are 100 m2. A thrice-repeated experiment was performed. PAM 
was applied by a knapsack sprayer. Maize (Sea mais) was used as an experimental 
culture. The width between the raws is 70 cm. 3 irrigations were made along the 
furrows with the constant water flow during vegetation period. 

The results of soil humidity observations show that water intensively evaporated 
from the soil surface in control variant (table 8) practically in all periods of 
observation. 



Table 8. Dynamics of soil humidity in field experiment,%. 

The following regularity is observed. At the stage of constantly water decrease (from 
the beginning of the experiment till the first irrigation and from the last irrigation till 
the end of the experiment, the more visible difference in variants' humidity is 
observed than during interirrigation periods. Irrigations were performed on 29 July, 8 
and 16 July. 

The results of the given before experiments show that physical evaporation of water 
from the soil surface essentially influences on artificial structure formation. Thus, 
changing structural composition of soil surface layer with the help of PAM, it is 
possible to regulate the elements of soil water balance. 

The data on positive influence of PAM on structural condition of soil, decrease of 
physical evaporation from the soil surface show that the investigated soil saves loose 
condition, higher humidity, optimal water permeability, aeration during the whole 
vegetation period. It means that more favourable complex of conditions for growing 
and development are observed in it, it is prooved by the data of miize grain yielding 
ability in field experiment (table 9). 

valiants 

Contro 

PAMkg/ha 

Table 9. Structural analysis of maize grain yielding ability. 

Time of observation, dates 

2.3. Experimental study of ways for decrease of irrigation erosion under furrow 
irrigation. 

Soil pliability to water erosion was studied in laboratory experiments using specially 
prepared hydroflumes for it and imitating different inclinations of irrigation furrows. 
Hydroflume was made according to the requirements formulated by V.B.Gusak 
(1950). 

A section of a furrow was made by means of a flume 1 m length and 0.15 m width 
from the dry and reduced to fragments soil. Inclination was regulated by a special 
screw. Water discharge was measured with the help of stationary established three- 
cornered Thompson weir. 

Experiment was carried out with three inclinations: small - 0.002; moderate - 0.004; 
and large - 0.02. Two variants of irrigation were imitated: 

1. Usual furrow with the constant portion of water. 
2. Furrow surge. 
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Inigation rate was determined by calculations of humidity deficit. It made up 15 1 
for conventional flume. Soil amount in grammes, washed out by one litre of water 
(Lysenko, 1984), was selected as a criterion of soil pliability to erosion. This criterion 
simplifies analytic process and gives a chance to conduct a comparative assessment of 
soil pliability to water erosion. Different dozes of PAM were tested as conditioners. 

Below we give the results of the experiment with different inclinations under 
application of different PAM dozes. 

Table 10 shows that surge irrigation in comparison with usual furrow one, under 
other things being equal, occured to be more effective for irrigation erosion control. 
Besides this method of irrigation promotes reduction of irrigation rate owing to 
decrease of unproductive expenditure. 

Table 10. Pliability of swamp-meadow soils to water erosion. 

Application of PAM only on soil surface proposed by Shainberg (1985) for swamp- 
meadow silt soils turned out more effective. Erosion of these soils under usual furrow 
irrigation begins with the PAM dose 4 kgtha and inclination 0.02. 

Variants 

Usual furrow 
Surge 

3. Soil protection from irrigation erosion and selection of optimal methods of 
irrigation 

Discharge of irrigation waters causing soil washing and remove of it's most fertile 
part is called as irrigation erosion. Damage caused by irrigation erosion for agriculture 
is enormous. Areas of valuable agricultural lands are subjected to dishuction, 
common hydrologic regime and vegetation water supply become worse as a result of 
irrigation erosion. 

Soil protection from irrigation erosion is carried out on the basis of complex 
measures including selection irrigation method, length and direction of furrows, 
irrigation stream discharge and etc. But water absorbtion ability of soils is very often 
insufficient due to low water stability of soil aggregates after application of the 
proposed measures. 

As it was marked, application of polymers is one of the methods for 
increase of water stability of aggregates. The results of investigations on irrigation 
methods and PAM influence upon irrigation erosion and water regime of sierosemic- 
meadow soils of Tasotkel massif will be considered below. 

Outflow of soil particles under inigiation, gU 

3.1 Natural conditions of the investigation object. 
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Tasotkel massif, located in the terraced part of the middle stream of the river Shu 
(Dzhambyl oblast), was selected as an object for investigations because irrigation 
erosion has only a local significance within the crop rotation field in conditions of 
alluvial-delta plains of the river Syr-Daga basin. 

The direct object of investigations - sierozemic-meadow soils within the massif are 
located on the second fluvial terrace above flood-plain with a gentle inclination from 
the South to the North. The width of the terrace is 15-20 km. The surface of it is 
complicated by different forms of mezorelief. Twisting hollow-like depressions are 
inherited from wanering currents of the river Shu under overflow here and there. 
Microrelief of the second fluvial terrace above flood-plain is caused mainly by human 
economic activity and represents irrigation landscape of old and new imgation. 

Sierozemic-meadow soils, as a rule, axe formed in weakly expressed flat padings 
with comparatively close (up to 1.5 m) position of mainly mineralized ground waters 
(Akhanov 1982). 

Humus level in the upper 0-30 cm horizon reaches 1.52%. Carbonates are from the 
surface, pH of soil solution is alkaline. Absorbing capacity is small - 6-13 mg-equ per 
100 g of soil. Magnesium takes a great part in composition of exchangeable bases. 
It's content in upper horizons is 25-40% and 50 % from the sum of the absorbed 
bases in the horizon located lower than 50 cm. Probably, it exactly gives compactness 
and morphologic alkalinity to soils. 

The main part of soils (about 65%) is salinized. Non-saline soils are met in the form 
of separate mottles under inigation cultures and middle depth of ground waters 1.8 m 
and mineralization 1.2-1.9 g/l. Sodium sulpfates and soda dominate in salt 
composition, chlorine is accumulated at the surface. 

Lifting of ground waters was caused by worsening of natural outflow now and the 
problems of overmoistening, secondary salinization, mainly of alkaline and soda 
composition appeared. It naturally greatly decreases soil fertility. Introduction of non- 
traditional methods of imgation, promoting decrease of irrigation water loss for 
infiltration and decrease of imgation negative aftereffects is one of the measures for 
improvement of amelioration situation at the massif under the conditions when 
transformation of the soil cover caused prevalence of low productive soils. 
Application of artificial conditioners, permitting to prevent evaporation concentration 
of salts at the upper soil horizon and to decrease possible irrigation erosion, can play a 
very valuable role. 

3.2.Influence of surge irrigation and PAM on irrigation erosion and water 
properties of soils. 

Surge inigation - a periodical delivering of irrigation stream into furrow, i.e. 
impulse delivering of water. This type of imgation initially was used for decrease of 
irrigation erosion intensity (Atringham, 1979). Later Shainberg (1979) found out that 
this method of irrigation decreases water capacity and the time of water saturation, it 
permits to decrease an imgation rate. 

The experiment was performed according to the method proposed by Shainberg and 
Levy (1977) on sierozemic-meadow soil of Tasotkel massif according to the following 
scheme. 

1. Constant flow 
2. Surge flow 
3. Constant flow + PAM 



4. Surge flow + PAM 

A three-fold repetition in three furrows of 200 m length were performed on 
industrial sowings of maize. A furrow inclination is 2'. PAM of 10 dm3 doze was 
applied in imgation water during furrow wetting (the time when the water reaches the 
end of a furrow). For calculation of irrigation water disharge at the beginning of a 
furrow there were used a siphon with 15 Ymin discharge and Thomson's overfalls at 
the end of a furrow. The content of suspended particles in furrow water is determined 
by weighing, soil humidity - by weight method. 

The following regularity is observed during analysis of the solid discharge in furrow 
irrigation for both types of flow (table It). Increase of solid discharge amount in 
furrow water is observed along the furrow from the beginning to the end, and with the 
time increase from the beginning of inigation it's decrease is observed along the 
furrow. 

Table 11. Intensity of solid discharge formation in furrow water, gA 

Constant flow 

It should be noted that intensity of irrigation erosion under surge flow application is 
low in comparison with the constant flow. PAM application in irrigation water 
practically prevents occurence of irrigation erosion. 

Therefore, surge irrigation is an effective method for soil protection from irrigation 
erosion on soils of lightened soil texture. 

Analysis of surge nethod of irrigation and PAM influence on the depth of wetting 
and soil humidity after inigation show that surge flow significantly decreases 
infiltration rate along the furrow length (table 12). 

Mechanizm of infiltration rate decrease we can explain in the following way. 
Intensive imgation erosion occurs in a furrow during the first surge with a rather 
high discharge of irrigation water (30 Ymin), i.e. the content of clay particlies and 
particles less than 0.002 rnm increases in furrow water which have to deposite on the 
bottom at the moment of surge flow breaking and they don't reach the end of a 
furrow. Thus, the amount of deposits in a furrow increases with each surge flow and 
decreases the rate of water infiltration into the horozons located lower. 

Variants 

Time of water 
sampling after 
the beginning 
of experiment, 

Distance from the beginning of furrow, m 

20 100 180 



So we came to a very useful conclusion here, that we can stabilize the level of 
ground waters with the help of surge method of irrigation, protecting the soils from 
the damage of the secondary salinization. 

Table 12. Influence of surge method of irrigation and PAM on the depth of wetting 
and soil humidity after irrigation. 

Surge flow 
0-20 23,7 24,O 24,l 
20-40 20,l 19,l 19,7 
40-60 17,3 l8,7 18,2 
60-80 17,l 18,O 17,3 

Constant flow+PAM 
0-20 24,l 22,3 20,O 
20-40 23,3 23,s 21,O 
40-60 23,5 21,O 20,6 
60-80 22,s 22,5 20,5 

Surge flow+PAM 
0-20 26,5 24,4 19,9 
20-40 22,s 24,l 19,5 
40-60 23,O 23,6 20,4 
60-80 23,5 22,2 22,l 

Depth, cm 

Intensity of soil wetting in variants with application of PAM in irrigation water is 
practically at the level of control. As far as uniformity of wetting is concerned, either 
constant or surge flows without PAM distribute water along the furrow rather evenly. 
In variants with PAM, soil humidity decreases at the end of the furrow to some 
extend, but it is apparently ~ 0 ~ e c t e d  with technical execution of PAM mixing with 
irrigation water, namely with uneven delivering of PAM solution. 

From the data of table 13 it is evident that surge flow and two variants with PAM 
application decrease the time of irrigation and discharge of irrigation water. 

The variants with surge flow and it's combination with PAM occured to be the 
most effective, they permit to save irrigation water, correspondingly by 29 and 36% 
in comparison with usual furrow method of irrigation (control). 

Moisture content of soil (%) from the begin- 
ning of the furrow (m) 

20 100 180 

Table 13. Efficiency of surge method and PAM in irrigation 

Constant flow 
0-20 23,9 24,3 25,l I 

Valiants 
Irrigation rate, 

m3/ha 
Time for 

irrigation,min 
Balance 

m3/ha I % 



Constant flow 
Surge flow 

Constant flow + 

- , 
results. In the regions with unfavourable soil-ameliorative conditions, i.e. delta plains 
of Syr-Darya and Shu, surge irrigation and application of PAM on soil surface in doze 
4-10 kgtha are the most effective for stabilization of ground water level and 
amelioration condition as a whole. In the regions with satisfactoly amelioration 
conditions surge irrigation with application of PAM in imgation water in doze 10 
g/m3 is recommended. 
3.3. Intensity of irrigation erosion under different methods of irrigation, furrow 

length and debit of irrigationstream. 
Under selection of irrigation method and elements of imgation technique, under 

large inclinations, the main attention should be paid to soil stability to erosion under 
the influence of imgation stream. In connection with it, under large inclinations and 
furrow method of imgation it is necessary to use small irrigations streams in furrows 
and it is desirable to decrease water discharge, delivered to open imgation net. 
Decrease of imgation stream volume and water discharge in channels causes increase 
of irrigation duration, delay of after irrigational tillage and as a result increase of water 
loss for evaporation and deep penetration. Unevenness of soil wetting along the 
furrow - at the beginning of the furrow - excessive, at the end - insufficient is a 
negative side of this method of irrigation. 

The volume of irrigation stream, delivered to the furrow, also depends on the soil 
permeability capacity. The higher soil permeability, the larger is water discharge into 
the furrow. 

In connection with the stated above, a comparative study of the furrow methods of 
irrigation with the constant and surge flow delivering of irrigation water into the 
furrow was performed. 

The experiment was conducted in piedmont desert zone of the South-East 
Kazakhstan on the fields of soil stationary of the Soil Science Institute. The relief of 
the site is rather even with a significant inclination (0.05-0.07) to the North. The 
surface is covered by coarse and fine pebbles and rounded stones. Lithology of the 
site consists of middle Quarternary alluvial deposits represented by coarse- medium- 
and fine sands with lens of gravel. Alluvial-proalluvial deposits in the form of sand, 
shingle beds and rock debris are soil formation rocks.Vegetation cover at virgin sites 
is represented by Eurotia-Artemizia primitive plant aggregations with Stipa 
capillata, Kochia prostrata and Nanophyton erinaceum from place to 

PAM 

place. 
Ground waters are located deeply and don't influence on the process of soil formation. 

Soil cover is represented mainly by noncomplete- and poor - developed with 
weakly-, medium-, and high skeletal gray-brown soils. A disditctive pecularity of 
them is not-completely developed with strong rock debris profile with rock debris and 
shingle beds deposits laying under at the depth 25-50 cm. Pebbles and rock debris are 
usually well cemented by lime and covered by carbonate crust at the bottom surface. 

Presence of weakly differentiated genetic horizons are typical for these soils: A- 
humous, B-transitional, C- pebbles and rock debris of different size. Gray-brown soils 

870 
650 
580 

Surge flow + PAM I 440 

1514 
1071 
1343 

The following conclusions can be made on the basis of ex~erimentallv received 
97 1 543 1 36 

- 
443 
171 

100 
29 
11 



are poor by the content of organic and mineral substances that are necessary for plants 
nutrition. Humus level ranges within 0.4-0.6%. Fulvo acids considerably exceed 
humine acids in humus composition. 

Soil provision with easily assimilated foms of phosphorus is 1.37-3.27 mg per 100 
g of soil. Mobile potassium is within 10.0-33.6 mg per 100 g of soil. The soils are 
non-saline and non-alkaline. Absorbing capacity doesn't exceed 10 mg-equ per 100 g 
of soil at the upper horizons. In composition of cation exchange capacity Ca prevails. 
Ph of water suspension is within 8.5-8.7. 

By profile soil texture is homogeneous, but the content of sand fraction and 
skeletal particles sharply increases from the depth. By soil texture these soils are silt- 
sand, loamy, with strong rock debris. 

Close bedding of alluvial-aggregation plain rock debris and shingle beds deposits 
with sand-loamy aggregate, presence of gravel, rock debris and pebbles in arable 
(upper) horizon greatly influence on water-physical properties that are important 
under agrotechnique and ameliorative measures. 

Arable horizon of these soils has a good water permeability that exceeds 0.25 
cmlmin for 1 hour of observation. Beside$ low water capacity and therefore small 
water supply in soil are typical for these soils. Rock debris profde causes decrease of 
water supply in soil. The least water capacity ranges within 14.0-18.0%. The structure 
is not waterstable. It disintegrates and destroys under wetting and tillage of soils. 
Crust formation is expressed greatly. 

Irrigation erosion is manifested in a considerable degree under the influence of 
imgation waters and because of large slope (0.05-0.07) on the surface of imgated 
fields under furrow method of irrigation. 

As a result of erosion, leaching of soil silt fraction , transference of the main 
nutrition elements of plants take place. Sometimes after imgation, erosion scars are 
formed on irrigated field, especially at the upper parts of irrigation furrows, which can 
be characierised by fine earth leaching to rock debris and shingle beds depth. 

Thus testing and application of surge method of imgation is very actual and cause 
theoretic and practical interest. 

According to the data of the Soil Science Institute analogous soils are spread in 
piedmont zone of the South-East Kazakhstan and occupy 300 th.ha, where there is a 
suKicient supply of fresh water, streaming down from the mountains as a result of 
glaciers melting. The experiment was performed according to the method of 
Shainberg and Levy by the following scheme: 

Length of a furrow (L) m 
100 
150 
100 
150 

lOO(contro1) 
150 
100 
150 

Variants 

Surge flow 

Constant flow 

Experiment repetition - 3-fold one, 3 furrows per each variant on industrial sowings 
of sunflowers. Width of spaces between raws is 70 cm, depth of a furrow is 15 cm. 

Irrigation stream (Q) Umin 1 
30 

50 

30 

50 



The following common but with different intensity regularity is observed under 
analysis of the solid discharge in irrigation water for all the variants. Solid discharge 
increases from the beginning to the end along the furrow length but it gra$ually 
decreases with the increase of irrigation time.(Table 14, pic.l,2). Intensity of solid 
discharge formation is lower by 2-5 times under the surge flow than under the 
constant flow. 

Table 14. Intensity of solid discharge formation, gA 

The amount of solid discharge in irrigation water increases either with the increase 
of irrigation stream or a furrow length. The most optimal variant on decrease of 
negative influence if irrigation erosion on soil of irrigated site was the variant with 
surge flow and the length of a furrow 100 m and debit of irrigation stream - 30 Urnin. 
As it followed, constaut flow with the furrow length I50 m and debit of irrigation 
stream 50 Vmin appeared to be the most intensive soil eroding variant. Therefore, 

flow 

50 

100 

I50 

50 
90 
10 
75 
140 

0,77&0,117 
1,38M,017 
0,56M,06 
0,88&0,016 
1,35M,029 

0,5M,104 
0,97&0,12 
0,51M,231 
0,57M,088 
0,85M,18 

0,25H,104 
0,55M,029 
0,1m,017 
0,18H,133 
0,8310,044 



surge imgation is one of the most effective methods of soil protection from imgation 
erosion when there are large inclinations of surface. 
Analysis of surge imgation influence on evenness of moisture distribution along the 
furrow length shows that either surge or constant flow under all lengths of a furrow 
and debit of imgation stream wet the furrow along the whole length excluding initial 
site, practically evenly. (Table 15, pic.3,4). 

Table 15. Determination of soil humidity after experiment. 

The course of heightened moistening (overirrigation) of the initial furrow sites can be 
explained as follows. Initial furrow site is subjected to destroying (eroding) influence 
equally either under the constant or surge flow of imgation water, i.e. clay and silt 
particles from the initial furrow sites under both types of flow go away for ever though 



the intensity is different. Thus this effect promotes increase of infiltration rate. As far 
as decrease of imgation time and rational use of moisture (overimgation and 
insufficient imgation), it is evident that under other things being equal, surge flow 
occured to be more optimal, meeting the requirements of water regime of sunflower 
when the imgation rate is closer to that one, calculated on deficit of moisture before 
imgation (800 m3) (Table 16). 

Table 16. Comparative efficiency of surge imgation. 

Therefore, application of surge method of irrigation for soils of light soil texture with 
high water permeability and large slope of irrigated site is one of the measures that 
decreases harmful influence of irrigation erosion. Besides this type of irrigation 
promotes decrease of imgation time and irrigated rates to some extend. 

Vari- 
ants 

Conclusion 

Study of PAM interaction with different types of soils located in different 
unfavourable amelioration conditions permits to come to the conclusion that it's 
ability to improve aggregate-structural soil condition and connected with it positive 
changes of regimes and processes, taking place in soil, is it's multifunctional property. 

Besides improvement of structure-aggregate condition of soils PAM in doze 10 
kgtha also promotes formation of rather large amounts of water stable aggregates and 

Volume 
of im- 
gation 
stream 

Furrow 
length, m 

Jni- 
gation 
rate, 

m3/ha 

Time of 
imga- 
tion, 
min 

Balance 

m3/ha 

During imgation 

% 

Deliv- 
ered to 
a fur- 
row, 

m3/ha 

Down 
throw 
at the 

end of a 
furrow, 
m3/ha 



it is a means for conservation of favourable soil structure, control of crust formation, 
compactness and irrigation erosion. Besides, PAM decreases water evaporation due to 
improvement of structural condition of the upper layer of soil. 

We came to the conclusion that it is possible to regulate directly the processes of 
soil water evaporation owing to regulation of thickness and structure-aggregate 
condition of soil surface. 

Comparative study of surge flow with constant one permits to make a conclusion 
that surge flow has two effects in improvement of irrigation soils management. F i t  
of all, it permits to decrease intensity of solid discharge formation in furrow water and 
it is one of effective measures for irrigation erosion. Secondary, it permits to stabilize 
the level of ground waters, not bringing to critical point, due to infiltration rate 
decrease of imgation water. If the use of one surge imgation promotes decrease of 
irrigation rate by 29%, their joint use - 36%. 

It should be noted that joint use of PAM and surge flow intensifies their action. 
Irrigation erosion is practically prevented under their joint use within the moderate 
inclinations. 

In connection with it we recommend to use surge flow plus application of PAM in 
doze 4-10 kgtha in the regions with unfavourable soil-amelioration conditions for 
stabilization of ground water level and amelioration condition as a whole. And in the 
regions with satisfaxtory amelioration conditions we recommend PAM in doze 10 

3 g/cm . 
We recommend surge irrigation with debite of imgation stream 30 Vmin in 

piedmont regions with shallow rock debris and shingle beds lying under them. The 
length of a furrow isn't more 100 m. 

The performed work has a definite theoretical and practical significance for 
improvement of irrigation water use, soil-amelioration conditions of delta plain Syr- 
Darya, Shu and piedmont territories with weakly- and not completely developed soils. 
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Effect of surge irrigation and PAM on furrow erosion, infiltration rate (IR) and 
. . uniformity of water distribution 

I. Shainberg =d GJ. Levy 

Introduction 

Surge irrigation is the intermittent application of surface irrigation water. Under 
some conditions, the technique reduces the application time andvo!ume required 
to advance flow across the field surface and thus improves irrigation water 
distribution uniformity. 

The reduced advanced times are the result of reduced infiltration rates. t& most 
oft& cited mecharism for reduced soil permeability is the the consoli&tikn of 
the xetted soil during flow interuption due to increased soil water tension (Trout 
aild Kemper, 1983; Kexper et a!., 1988). 

Kemper et af. (1988) proposed that intermittent flow can increase aggregate 
breakdown and sediment erosion and deposition, thlx the formation of 
depositional surface seals. When sediments are present in f ~ r i ~ w  water the IR is 

P reduced by 50%[ ~5 - ~ 6 %  +J. w h i  4 no s&e&) 

Poiyacrylami& (PAM) at concentration of 10 zhn3 in irrisation water was 
demonstrated to prevent furrow erosion and to increase IR (Ltntz et ai., 1992). 
Thus the objectives of this st.xly are: 
I .  To stud-ct of surge inigation on furrow erosion and infiltration rates. 
2. To study the effsct of PAM cn furrow erosion and IR. 
3. To study the interaction between surge irrigation and PAM in their - effects on 

erosion and IR. 
4. To study the effects of the above treatments on irrigation water distribution 

uniformity. 

It is hypothesized that: 
1. Consolidation and aging of furrow surfac<duhg the off periods in surge 

irrigation reduces furrow erosio~Surge irrigation will1 be as effective as PAM 
in preventing furrow erosion.a-?./ f & ~ ~ & t 3  d-'z~k P eccl f i I I  ,;a (7' 

2 Consolidation of the depositiond crust that is formed in the fmt surge is very 
effective in reducing IR; thus surge imgation is effective in decreasing IR. 

3. PAM, being effective in preventing furrow erosion and depositional crust 
formation will be effective in maintaining high IR. 

4. Surge irrigation in PAM treatment will be effective in consoli&tion of soil 
surface and reducing IR. However, the effect of surge irrigation in PAM 

treatments will not be as effective as in conventional tcatment (i-e., without 



Procedure 

1. Effect of swge flow on furrow erosion and intake rate. 

Asont* ir5@tion (Control). .- o. W&c. 
a. FU&WS of 200 m long. Water is applied at i d o w  rate of 33 Llmin. Measure 

the?ke (Tc) for water to reach the end of the furrow. .. 
b. ~ontinue'the flow at 30 Lhinfor  additional 30 min, and take samples of 

water with sediments fom the furrows at distances of 26, 100 and Bfdfih. dry 
the water samples to measure sediment concentration. Repeat the measurement 
of sediment concentration (at the 3 locations) at 10,20, and 30 min after the 
water reached the end of the furrow. 

c. After measuring sediment concentration, reduce inilow ts 15 Llmin and 
continuous irrigation for 5 h. Measure inflow and outflow rates during these 
5 h at  20 min intervals. Calculate the change in averase t R  with tine and the 
total volunie of water that infiltrated the furrows. 

d. Repeat the above measurements in 5 furrows. [& && /;Qm] 
e. When irrigation is completed measure the water content ur thz profile,along the 

furrows at 10 , 100 and 180 m. Determine the unifosity of water distribution 
in the field. 

B. Surge irrigation 
a. Divide the time it took for continuous water flow (30 Llmin) to reach the end 

of the furrow (Tc) into 4 equal time intervals (Tc14). Apply Surge irigaiion of 
Td4 ON, and Tci4 OFF with inflow rate of 30 Llmin until the surges reach the 
end of the furrow. Record the ON time it took to wet the entiri furrow. 

When the water reaches the end of the furrow continue with continuolrs flow of 
30 Llmin for additional 30 min and repeat steps "b" through "e" in the 
continuous flow procedure. 

2. Effect of PAM on furrow erosion and IR. 

A. Continuous irrigation 
Mix PAM, I0 _@, with the imgation water and follow s t y  "a" in 14, but the 
PAM is mixed with the irrigati~n water only until the entire furrow is wetted (i.e., 
the advancement stage is completedj.Record the advancement ~ime (Tcp). Then 
continue with steps "b" through "e" in 1 A, using PAM-free irrigation water. 

B. Surge flow with PAM application. 
The same as IB - surge imgation in conventional water except that PAM in 
concentration of 10 dm3 is mixed with irrigation Prater during the surges (i.e., 
the advancement stage) using Tcpl4 time intervals for the OT! and OFF periods. 


