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Abstract

:

This paper presents the development and verification of an improved and cost-effective flume apparatus and corresponding testing methodology. A rigorous analysis of the flow conditions during testing was considered and an interpretation of test results was carried out following the premises of the Water Erosion Prediction Project (WEPP) rill erosion model. The apparatus and methodology were verified using statically compacted specimens of a latosol from the central region of Brazil. Tests were performed on samples with void ratios of 1.0 and 1.5 and under variable hydraulic conditions to verify the repeatability and ideal analysis time for the soil loss curves. The soil loss curves presented hyperbolic behavior, with a maximum value that appeared to be randomly behaved, which can be attributed to the complex nature of the erosion processes at later stages. The equipment and testing methodology produced erosion curves with repeatability that were superior with respect to their initial linear and transition portions. Recommendations are made regarding the adequate interpretation of the testing data and the selection of the ideal elapsed time for soil loss analysis.
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1. Introduction


Water erosion of soils and its quantification through rational models poses a significant challenge due to the complexity of the processes involved, which include numerous soil properties and hydraulic conditions [1,2,3,4]. The Water Erosion Process Project (WEPP) model, proposed by Foster [5], is considered to be one of the main basic frameworks that is available for the quantification of water erosion [6,7,8,9,10]. The WEPP model evaluates water erosion by incorporating physical concepts associated with the erosion mechanisms and by dividing the erosion process into (a) interstitial erosion caused mainly by splashing and by water flow in areas adjacent to streams and (b) rill erosion resulting from the effects of hydraulic energy of the flow concentration on the stream bed.



According to the WEPP modeling approach, the evaluation of rill erosion parameters should be based on flume tests performed under controlled hydraulic conditions. The interpretation of such tests assumes that erosion takes place due to the hydraulic shear stress imposed by the flow in the flume bed, as shown in Figure 1. Based on these flow conditions, the hydraulic shear stress τh (Pa) in the flume bed can be given by


   τ h  =  γ w  h sin α  



(1)




where γw is the unit weight of the water (kN m−3); h is the piezometric head (m); and α is the slope of the channel.



The general concepts shown in Figure 1 were first presented by Du Boys [11], who stated that particle detachment occurs when the hydraulic shear stress is higher than the shear strength generated by frictional forces due to the submerged unit weight of the soil. This shear strength limit is known as the critical shear stress, τc. The WEPP approach is in part based on the concepts introduced by Du Boys [11] and indicates that when is greater than τc, a progressive detachment of soil layers takes place along the stream bed (Figure 1a). The rate of mass loss, Dc (g cm−2 min−1), is generally assumed to be proportional to the difference between the hydraulic shear stress acting on the flume bed and the critical hydraulic shear stress, which can be represented as follows:


   D c  =  K r   (   τ h  −  τ c   )   



(2)




where    K r    is the soil erosion coefficient (g cm−2 min−1 Pa−1).



The proportionality between    D c    and    τ h  −  τ c    has been demonstrated by numerous authors, such as Partheniades [12], Foster [5], Nearing et al. [13], Zhang et al. [14], Bastos [15], Dey [8] and Kimiaghalam; Clark; and Ahmari [16]. There is also significant evidence in the literature showing that the relationship between the rate of mass loss and the shear stress may also be nonlinear for certain ranges of hydraulic shear stress [5,17,18,19,20,21,22]. However, according to Lane, Foster, and Nicks [23], assuming a linear relationship may be often acceptable for the approximate quantification of soil loss.



Lim and Khalili [24] state that the most used laboratory test for studying soil erodibility is the hydraulic flume. The soil erosion parameters τc and Kr may be determined based on flume tests where the value of τh is varied under strictly controlled conditions and where the corresponding values of Dc are measured. Such tests depend on the establishment of rigorous experimental protocols regarding sampling or remolding procedures and the control of the initial water content [25,26], the establishment of an adequate hydraulic regime [27], the monitoring of soil conditions and mass loss [28], and the interpretation methods of results, including the selection of adequate testing periods [29]. Several studies have presented variations in flume apparatus design and testing protocols, such as Lyle and Smerdon [25], Ghebreiyessus et al. [30], Kamphuis et al. [31], Zhu et al. [32], Cantalice et al. [33], Shepard et al. [34], and Ni et al. [35].



Some studies [15,33,36,37,38,39,40,41,42,43] have adopted flume apparatuses with relatively simpler construction, which leads to more cost-effective alternatives. The following common design characteristics are generally observed in these apparatuses: (a) the use of an open channel; (b) the piezometric head and corresponding hydraulic shear stress are varied by changing the flume tilt angle; and (c) the specimen is placed flush with the flume bed, and the specimen is not raised during testing. In this case, the soil loss may be measured by obtaining the dry weigh of the specimen or by collecting the water and sediment that flow over the specimen using a set of sieves.



Unfortunately, the aforementioned cost-effective design approach is often adopted with little regard for the determination of ideal flow regimes and frequently leads to erosion curves that are difficult to interpret. These flume designs are not standardized, and there are several methodologies that can be used to execute and interpret test results. The following aspects vary significantly between the different flume test methodologies that were previously presented: (a) geometry of the flume; (b) geometry of the specimen surface exposed to water flow; (c) position of the specimen with respect to the flume; (d) procedure for measuring soil loss; and (e) procedure for interpreting soil loss curves and obtaining erosion parameters. It is apparent that further standardization is required in order to promote testing methodologies that produce data that are consistent and comparable. In this context, this paper presents a new flume test apparatus and data interpretation procedure. Great focus is given to the establishment of highly controlled hydraulic conditions, the verification of testing repeatability, and to the establishment of sound procedures for the interpretation of test results.




2. Materials and Methods


2.1. General Apparatus Characteristics and Hydraulic Design


The general arrangement of the developed apparatus is presented in Figure 2. It consists of (a) a reservoir made of polymethyl methacrylate, which can be used to regulate the water flow; (b) a flume made of the same material; (c) systems for regulating the flow and leveling the flume; and (d) a sample port. The system has a ramp length of 2.0 m, a base width of 0.18 m, and sidewalls that are 0.20 m in height. These dimensions were defined according to a flow analysis that will be described later on. The specimen enclosure is cubic and has edges of 18.0 cm in length. Ports were included in the specimen enclosure and were placed along uniformly spaced positions in the direction orthogonal to the specimen surface, allowing the instrumentation of the specimen using tensiometers and/or water content probes. The flume was designed to operate with tilt angles varying between 5 and 60 degrees. The design flow rates vary between 1.0 × 10−4 m3 s−1 and 2.4 × 10−3 m3 s−1 when the flume is set with a tilt angle of 5 degrees and between 4.0 × 10−4 m3 s−1 and 9.0 × 10−3 m3 s−1 in the maximum slope of 60 degrees.



As a design requirement, it was established that the apparatus should ensure a uniform flow condition in a supercritical regime over the specimen surface. A uniform flow corresponds to a constant flow velocity at any instant and at every point along the flume, including the specimen area. This design condition has been generally overlooked in previous open channel flume designs. A supercritical regime would allow the reproduction of uniform and controlled hydraulic shear stresses along the specimen surface [44]. In addition, flow disturbance that may occur in the downstream portions of the specimen as the erosion process advances would not propagate to upstream regions, keeping the flow characteristics relatively uniform.



In previous studies, it was assumed that the critical flow depth was equal to the normal depth along the flume, corresponding to a constant uniform flow under a critical regime. However, feeding the canal in a typical flume causes a phenomenon known as hydraulic backwater, resulting in a non-uniform flow regime at the entrance point of the flume. According to Munson et al. [44], this flow regime tends to evolve rapidly towards a permanent and non-uniform flow in a critical regime, in which the normal flow height is affected, compromising the strict control of hydraulic shear stresses.



The normal flow height value in the uniform flow region can be obtained using explicit solutions for trapezoidal channels, as presented in Vatankhah [45]. Taking the difference between the discharge in the uniform flow region and the feed discharge (Q), which depends on the flow height itself, the following equation is obtained:


  f (  y 0  ) =  1 n       (  b  y 0   )     5 / 3      ( sin α )    1 / 2        ( b + 2  y 0  )    2 / 3      − Q  



(3)




where   f  (   y 0   )    is the tolerance for discharge variation;  n  is Manning’s roughness coefficient (assumed to be 0.085 for polymethyl methacrylate); b is the flume width (m);    y 0    is the flow depth, taken normal to the flume bed (m);  α  is the tilt slope of the flume; and  Q  is the system discharge (m3 s−1).



Equation (3) is a non-linear and indeterminate equation. The value of    y 0    can be obtained iteratively, using Newton’s method, as follows:


   y  0  ( n + 1 )    =  y   0  ( n )     −   f (  y   0  ( n )     )    f ′  (  y   0  ( n )     )    



(4)




where    y 0      ( i )      is the ith value of    y 0   , which is evaluated during the iterative procedure, and    f ′   (   y 0      ( i )     )    is the first-order derivative of   f  (   y 0   )   . The derivative estimation can be completed using the complex step approach method, described in Martins et al. [46]:


   f ′  (  y 0  ) =   Im  [  f (  y 0  + i p )  ]   p   



(5)




where Im is the image of the complex function, and p is the finite difference interval.



To guarantee uniform flow in a supercritical regime along the entire flume, including its entry and exit sections, the flow rate and the slope of the flume must be constrained by certain limits so that the hydraulic backwater dissipates before the specimen insertion region. Therefore, for each selected discharge, the distance between the starting point of the flow and the point where the normal height reaches the value of y0 was calculated. It was thus possible to confirm the occurrence of the specified flow regime. Such evaluation was conducted for each selected discharge using the direct step numerical integration method as presented by Munson et al. [44].




2.2. Soil Characteristics and Specimen Preparation for Flume Tests


The soil selected for this study has characteristics that are typical of soils from the state of Goiás, Brazil. Disturbed samples were collected in the city of Goiânia at the geographical coordinates 16.7289° S and 49.2958° W. Samples were collected between 50 cm and 150 cm below the ground surface, reaching the B horizon. The soil has a clay content above 20%. The soil presents liquid and plastic limits of 33% and 22%, respectively, and a pH of 5.6, which is typical for lateritic soils from the region. The in situ void ratio varies from 1.0 to 1.8, and the saturated hydraulic conductivity ranges from 1 × 10−6 m s−1 to 2 × 10−5 m s−1. Finally, the soil has a cation exchange capacity of 2.29 cmol dm−3 and an amount of organic matter of 9 g dm−3.



Laboratory specimens were reconstituted under highly controlled conditions. A quasistatic compaction procedure was adopted, using the Emic DL2000 automated loading frame manufactured by Instron (Norwood, MA, USA). The specimen enclosure shown in Figure 2 was used as a mold. Specimen compaction was achieved using four soil layers of 50 mm in height each, each one compressed at a constant rate of 0.017 mm/s. A 50 mm extension collar was used to hold the loose soil before compression. After compaction, the collar was gently removed, exposing 20 mm of excess compacted material. Finally, the excess material was scraped using a beveled ruler so that the specimen would reach the final 180 mm in height. This scraping procedure ensured that the specimen surface roughness was not influenced by the compaction piston, which often produces undesired particle orientation. Specimens were sealed and stored to reach hydraulic equilibrium for at least two days before testing.



Specimens were reconstituted using air-dried samples that were later wetted to a gravimetric water content of 18%. The selected remolding void ratios were equal to 1.0 and 1.5. The mean value and coefficient of variation (CV) obtained for the gravimetric water content, considering all reconstituted specimens, was 17.8% and 0.4%, respectively. The mean value obtained for the void ratio of remolded specimens was 1.02 and 1.51. The corresponding values for CV of the void ratios were 0.6% and 0.4%, respectively. The obtained mean and CV values indicate that the compaction procedure was adequate, producing specimens that correspond closely to the specified conditions. It is important to note that the remolding process does not necessarily produce specimens with the same soil structure as the one found in natural undisturbed soil. However, flume test repeatability benefits greatly from the use of the relatively homogeneous specimens obtained from the compaction procedure.




2.3. Flume Testing Procedure


Before the execution of each test, the specimens were unsealed and weighed to confirm the remolding water content after the equilibrium period. The placement of the specimens in the flume was achieved to ensure the strict alignment between the specimen surface and the hydraulic flume. The relatively narrow gap (smaller than 1 mm) located along the edges of the specimen surface was sealed using silicone glue, removing excess glue, and leveling it. Next, the specimen surface was covered with a polyethylene plastic film. Water was allowed to flow over the covered specimen until the desired flow rate and flow regime uniformity was observed. The start of the test proper was established by carefully removing the protection film.



The eroded material was collected using sieves covered with non-woven polyester geotextile with a mass of 140 g m−2 and an apparent opening equal to 0.094 mm, which was calculated based on the retention criteria presented by Christopher and Holtz [47]. The geotextile was oven-dried at approximately 104 °C for at least 24 h and were weighed on a precision scale before use in the test.



To investigate the evolution of erosion over time, from its initial seconds to prolonged periods of flow, the eroded material was collected after 0.25, 0.5, 1, 2, 3, 4, 5, 10, 15, 30, 45, and 60 min. The eroded mass between each time step was determined by placing a new sieve-geotextile set on top of the existing one and by removing the latter. Each sediment collection geotextile was placed in an oven that was set at approximately 105 °C for at least 24 h, and the geotextiles were then weighed to obtain the eroded dry soil mass.




2.4. Flume Testing Program


The experimental program presented herein involved a total of 31 specimens with hydraulic conditions that were selected to allow the determination of the erosion parameters established by the WEPP model framework. The test conditions were combined to produce the following sets:




	
Out of the 31 specimens, a total of 16 specimens were compacted at a void ratio of 1.5. The remaining 15 specimens were compacted with a void ratio of 1.0;



	
Out of the 31 specimens, 12 were used to assess the repeatability of the tests performed with the new apparatus. This was accomplished by testing six pairs of specimens under identical flow conditions;



	
Five different flow conditions were used to analyze the influence of the hydraulic shear stress on the erosion curves.








Hydraulic stresses of 0.98 Pa, 1.26 Pa, and 1.93 Pa were applied to specimens with void ratios of 1.0. Hydraulic stresses of 0.82 Pa, 0.98 Pa, and 1.26 Pa were selected for specimens with void ratios of 1.5. To obtain the aforementioned hydraulic stresses, a 10-degree tilt was adopted and was combined with flow rates of 1.5 × 10−3 m3 s−1, 2.0 × 10−3 m3 s−1, 2.5 × 10−3 m3 s−1, 3.0 × 10−3 m3 s−1, and 6.0 × 10−3 m3 s−1. These conditions were based on their recurrence in previous studies.





3. Results and Discussion


As shown in Figure 1b, flume tests executed under multiple hydraulic shear stresses, τh, are required to define pairs of values of τh and Dc, thereby allowing the determination of the soil erosion properties, τh and Kr. Unfortunately, the erosion rate, Dc, may vary during testing. This is particularly true when fixed specimens are employed because the erosion curves under these testing conditions often present a hyperbolic behavior. As a result, several authors recommend that Dc be defined using a secant to the soil loss curve [15]. The secant value of Dc is obviously dependent on the time interval that is adopted. However, there is a lack of consensus in the literature regarding the elapsed time to be used for the computation of a secant erosion rate. Such a relatively imprecise definition of Dc prompted an investigation of the effect of the time interval.



Figure 3 presents the results of 12 flume tests. Accumulated soil loss (E) curves are shown over time for three pairs of hydraulic shear stress values and for two void ratio values. The erosion curves obtained from the tests performed on the specimens with void ratio of 1.5 (Figure 3b) and under hydraulic shear stresses of 0.82 Pa and 1.26 Pa indicated superior repeatability during the beginning of the erosion process, particularly within the first five minutes of testing. On the other hand, curves for the same hydraulic stress diverge for times longer than five minutes. Erosion curves obtained for specimens prepared with a void ratio of 1.0 presented significantly higher variability, which indicates some degree of randomness, even during the first five minutes. This fact can be explained by the low erodibility of the specimen surface with eroded material that is likely to only corresponded to the loosened soil particles present on the specimen surface before the test started.



The data presented in Figure 3 were modelled using a nonlinear fitting procedure aimed at defining the initial rate of soil loss and the maximum accumulate erosion value in a rigorous unbiased manner. The soil loss accumulated over time has a behavior that may be approximated by a hyperbolic function, as is apparent from Figure 3. The hyperbolic behavior may be mathematically represented as follows:


  E =  t   1   E  u l t     t +  1   a 0       



(6)




where  E  is the soil loss by unit area accumulated at any given elapsed time (g cm−2); t is the elapsed time (min);    E  u l t     is the maximum asymptotic value of E, which is somewhat similar to the main erosion parameter defined in [15,42,48]; and    a 0    is a fitting parameter (g cm−2 min−1).



The fitting parameter    a 0    is the rate of erosion taken at the origin of the erosion curve and may be considered as the erosion rate defined in the WEPP model [5],    D c   :


        d E   d t    |    Δ t → 0   =  a 0  =  D c   



(7)







Nonlinear regression was conducted for the data presented in Figure 3 and only considered the first five minutes of testing. The analysis time was limited to the first five minutes because of the random nature of the erosion curves at later stages. Table 1 presents the results of the regression analysis. The continuous curves shown in Figure 3 present the corresponding best-fit curves. The results shown in Table 1 indicate RMSE values that range between 0.66 × 10−4 and 17.6 × 10−4 and R2 values that range between 0.912 and 0.999. The quality of the fitting results was considered adequate for the purposes of this analysis.



The values of    D c    shown in Table 1 present a clear increasing trend for larger values of hydraulic shear stress,    τ h   . The relationship between    τ h    and    E  u l t    , however, did not indicate a clear positive correlation for tests 1–6. Some variability is observed in the repeatability analyses comparing the values of tests under the same shear stress. The relative difference of    D c    between identical tests ranged between 30% and 380%. The relative difference of    E  u l t     between identical tests range between 13% and 326%. The higher relative differences can be partially attributed to the fact that the mass loss of specimens compacted with void ratios of 1.0 was relatively low and only corresponded to loosened soil particles. Unfortunately, previous studies using open channels and fixed specimens have not presented similar systematic evaluations of repeatability that could be compared to those presented herein.



Figure 4a,b show the variation of    τ c    and    K r    as a function of the adopted analysis time interval for the tests conducted with a void ratio of 1.5. There is some variation in the values of    τ c    and    K r    according to the adopted time interval, and the values of    τ c    reach a constant value after 5 min. Thus, while simultaneously meeting the requirements of repeatability and stabilization of erosion parameters, the analysis time of 5 min is recommended for the soil studied here. The typical behavior of the mass loss curves in the flume trials [41,48] indicate that the analysis time selection criterion proposed here has the potential to be applied to other soils.



The criterion for establishing the ideal analysis time seems to be related to the transition between an initial test stage in which erosion occurs uniformly along the specimen surface and a later stage in which cavities start to be randomly formed on the soil surface, as shown in Figure 5. The random character of the formation of the cavities and the loss of uniformity of the hydraulic conditions on the surface of the specimens indicate that the time interval representative of the flume test must be delimited for each soil based on the examination of the accumulated mass loss curve over time. Such an ideal time interval would correspond to the initial erosion stage, which can be identified as an approximately linear relationship between accumulated erosion and time. The curve transition and the maximum mass loss tend to have a random character that depends on the manner in which the specimen surface develops grooves and cavities.



The lateritic soil studied herein presented a    τ c    from 0.69 to 0.78 Pa and a    K r    from 0.0014 to 0.012 g cm−2 min−1 Pa−1. The values of    τ c    and    K r    for the lateritic soils vary greatly and depend on the soil texture, soil weathering, and stability of particle aggregations. Some of the values of    τ c    reported in the literature for lateritic soils range between 0.01 and 1.33 Pa [15,41,49]. The range of Kr for the lateritic soils reported by the same authors varies between 0.01 and 36.5 g cm−2 min−1 Pa−1 [15,41,49]. Therefore, the results presented in Figure 4 fall within these typical ranges but also indicate that the soil studied herein has a relatively low erodibility when considering the values for other lateritic soils.




4. Final Remarks


The apparatus presented herein met the established requirements, allowing the control of imposed hydraulic conditions, which were defined by the flume’s slope and flow rate. The effluent collection method proved to be adequate, allowing the evaluation of the erodibility and of the conditions of the specimen during the test. The use of uniform flow in a supercritical regime allowed the strict control of the water flow height and of the hydraulic shear stresses that were imposed. In this sense, the cost-effective design characteristics of the apparatus (i.e., the use of an open channel and of a fixed specimen) proved to be a viable alternative for studying the erosion characteristics of soils subjected to water flow.



It was possible to perceive a relatively low test repeatability when comparing the results for identical conditions. However, this variability is expected given the complex nature of water erosion processes in soils. Further studies are recommended regarding ideal testing methodologies that would ensure improvements in test result repeatability. Future comparisons of the test results obtained using fixed and moving specimens (i.e., extruded at a speed defined by the erosion rate) would be of great value.



The results from the experimental program presented herein indicate that the slope of the initial stage of the mass loss curve give more consistent results when compared against the final maximum mass loss. Thus, it is proposed that only the initial section of the mass loss curves be considered during the analysis of erosion tests. The interpretation of the mass loss curves must also consider the observation of the physical characteristics of the specimen surface since the randomness of the maximum mass loss value can be attributed to the cavities that form after the linear rate erosion phase. Finally, the definition of the erodibility parameters of the WEPP methodology must consider time intervals that are within the initial erosion phase and that correspond to the linear portion of the mass loss curves.



This study was specifically focused on establishing adequate techniques for the evaluation of soil erodibility parameters. In this sense, the determination of representative field hydraulic conditions is of paramount importance for the adequate planning and specification of flume testing parameters. The hydraulic shear stresses and corresponding flow velocities selected for soil testing must be based on expected field values, which may be obtained based on an adequate hydrological model [50].



Finally, it is important to note that field testing devices and approaches based on the monitoring of field plots offer important alternatives for the assessment of soil erosion, in particular for bioengineering studies, the evaluation of the effect of vegetation, and the study of soil management practices [51,52]. Field testing also offers unique alternatives for considering real atmospheric events, including realistic rainfall patterns [53], which are difficult to reproduce under laboratory conditions [54,55]. Improving laboratory techniques, such as the device presented herein, allows inexpensive and relatively fast evaluations of soil erosion. However, the use of small-scale laboratory apparatuses and techniques have not been widely employed in the study for the effect of vegetation and bioengineering applications, and further studies are welcomed.
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Figure 1. Erosion formation: (a) hydraulic conditions; (b) erosion function. 
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Figure 2. Flume apparatus; all dimensions are in meters. 
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Figure 3. Flume test results for void ratios of: (a) 1.0; (b) 1.5; (c) 1.0 modelled curves; and (d) 1.5 modelled curves. Filled and empty markers of the same shape indicate test pairs that were conducted under identical conditions. 
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Figure 4. Evaluation of the time interval effect adopted in the definition of the parameters of the WEPP methodology (w0 = 18%, e = 1.5): (a)    τ c   ; (b)    K r   . 
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Figure 5. Specimen surface condition after flume tests for various void ratios and hydraulic shear stresses: (a) test #5, at e = 1.0 and    τ h    = 1.93 Pa; (b) test #6, at e = 1.0 and    τ h    = 1.93 Pa; (c) test #7, at e = 1.5 and    τ h    = 0.82 Pa; and (d) test #8, at e = 1.5 and    τ h    = 0.82 Pa. 
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Table 1. Results of nonlinear regression modelling using the hyperbolic equation.
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Void Ratio

	
Test

	
τh

(Pa)

	
Dc(×10−2)

(g cm−2 mim−1)

	
    E  u l t     ( × 10  − 2  )   

(g cm−2)

	
RMSE (×10−4)

	
R2






	
1.000

	
1

	
0.98

	
0.81

	
0.14

	
0.73

	
0.931




	
2

	
0.98

	
1.25

	
0.60

	
2.52

	
0.950




	
3

	
1.26

	
1.00

	
0.70

	
4.46

	
0.940




	
4

	
1.26

	
2.85

	
0.62

	
0.66

	
0.937




	
5

	
1.93

	
4.03

	
0.35

	
1.14

	
0.972




	
6

	
1.93

	
5.55

	
0.55

	
1.20

	
0.984




	
1.500

	
7

	
0.82

	
0.89

	
2.01

	
6.27

	
0.993




	
8

	
0.82

	
0.52

	
0.97

	
8.78

	
0.912




	
9

	
0.98

	
0.83

	
1.48

	
9.24

	
0.942




	
10

	
0.98

	
4.00

	
5.43

	
15.9

	
0.999




	
11

	
1.26

	
2.85

	
5.54

	
12.5

	
0.998




	
12

	
1.26

	
2.20

	
4.65

	
17.6

	
0.997
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