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Analyses were carried out to determine the main sand size parameters (median grain size D50 and sorting σ) for beach nourishment purposes using the sieving method aboard a dredger. Due to a lack of space and the need to carry and use the material with ease, the sieves are commonly small (10 cm diameter), and the shaking procedure is usually performed by hand. However, the influence of shaking, either mechanically or manually, has not yet been studied with 10 cm diameter sieves. Therefore, 20 samples were taken from inside the hopper of a trailing suction dredger and sieved both manually and mechanically for 10 min. The results showed that manual sieving yielded higher D50 values than the mechanical procedure. The average error arising from using the manual method was 14%, but it can reach 36.5%. The granulometric analysis carried out for different shaking times has shown that this error is < 5% when at least 20 min of shaking is performed. The mechanical procedure gave always finer sand results. In addition, the overfill ratio calculated for both mechanical and manual results reached differences of up to 48%.
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INTRODUCTION

Beach nourishment is one of the one of the most commonly performed shore protection method on coasts worldwide. However, research into the design of these nourishment projects is ongoing to improve the work efficiency, which is based on empirical equations and rules (Pendleton et al., 2012; Román-Sierra et al., 2013; Karambas and Samaras, 2014; Armstrong et al., 2016; Choi et al., 2016; Pranzini et al., 2018).

The work process for beach nourishment requires finding suitable sand to replace the native sand eroded from the beach (Pranzini et al., 2018; Saponieri et al., 2018), and to estimate the amount of sand needed for beach nourishment (U.S. Army Corps of Engineers, 2002). Analyses of the sand-size distribution provides clues about the origin, depositional environment, and transport history of the sand (Bernabeu Tello et al., 2002; Singh et al., 2007; Fenster et al., 2016; Remo et al., 2016; Grottoli et al., 2017; Hallin et al., 2019). Additionally, sand-size analysis is an essential methodology used to classify materials and sedimentary environments (Steidtmann, 1982; Roman-Sierra et al., 2011), and it can also be used to make predictions about the longevity of sand on a beach and how it reacts to storms (Bascom, 1951; Larson and Kraus, 1991; Grottoli et al., 2017; de Villar et al., 2019). The analyses carried out to study the coastal processes include measurements of the main sand size parameters, mainly, the median grain size (D50) and the sorting, i.e., the spread of the sizes around the average (σ) (Blott and Pye, 2001).

The beach nourishment manager must carry out a quality control of the sand dumping site and decide where the sand should be placed. Methodologies to obtain the sand-size parameters need to be performed quickly aboard a dredger before the sand is pumped to the beach. The determination of the sand size parameters needs to be accurate for beach nourishment purposes (error less than 10%) (Muñoz-Pérez et al., 2012). These parameters can be expressed in metric or phi (logarithmic) units. Their determination is usually calculated using Folk and Ward formulae based on Krumbein’s previous disquisitions (Krumbein and Pettijohn, 1938; Folk and Ward, 1957; Folk, 1974; Friedman and Johnson, 1982). Therefore, measures of accuracy could be determined through the analysis of several portions of a sample, several analyses of the same sample, or the analysis of several samples collected at the same locality. Among the methods used to analyze the sand size particles, researchers have studied and compared laser diffraction (Blott and Pye, 2006), laser granulometry and sedigraph (Celia Magno et al., 2018), camsizer (Luisa Martinez et al., 2017), microtrac (Austin and Shah, 1983), laser grain size with pipette and sieve (Konert and Vandenberghe, 1997), image analysis (Eberhard et al., 2012; Orrú et al., 2013), and sieving (Shillabeer et al., 1992; Pope and Ward, 1998; Eberhard et al., 2012).

The sieving method is the most common analysis used to determine the main sand size parameters aboard a dredger when performing a beach nourishment. The analysis of sand-size inside a dredger ship has some limitations such as limited workspace, specifications of the material that is needed, an unstable energy supply, and the limited time available to transport sand between the borrow and dump sites. Thus, the sieving method, when performed aboard a dredger, should be chosen according to its ease of use and its economic efficiency. Furthermore, the difficulty of embarking and disembarking sand with cat ladders in the high seas, alongside the habitual lack of a stable energy supply makes it difficult to use a mechanical shaker on board the ship. Thus, the manual shaking procedure is usually performed instead to analyze of sand grain sizes inside a dredger. The abovementioned problems together with the shortage of space are also the reason why small sieves (10 cm instead of 20 cm diameter) are mostly used in these situations.

Moreover, it is important to obtain highly precise D50 values and sorting results for beach nourishment purposes. The grain size compatibility of dredged (“borrow”) sediments and native beach sediments is commonly expressed as the overfill ratio (RA) (James, 1975). This overfill factor describes the theoretical volume of borrow sand that will comprise the residual volume of sediment on the beach after losses. That is, the RA attempts to account for the natural loss of some fraction of the borrow sediment that is finer than the native beach sediment. It is therefore important to evaluate possible errors when determining sand parameters (native and borrow) before and during the beach nourishment process, since these could entail dredging a larger volume of borrow sand than necessary. Indeed, Poullet et al. (2016) studied a particular case with the James method (U.S. Army Corps of Engineers, 2002) to obtain the RA, in order to demonstrate the importance of errors made when performing sand parameter determinations in the calculation of sand nourishment volumes. Regarding the design beach nourishment projects, Grosskopf and Kraus (1993) proposed a mean error of less than 11.5 m3/m of beach volume to estimate the sand volume; otherwise, an accuracy comparable to the 10–20% contingencies is associated with the project designs (Muñoz-Pérez et al., 2012). Thus, some authors (Grosskopf and Kraus, 1993; Muñoz-Pérez et al., 2012; Poullet et al., 2016) indicate that errors up to 10% can be assumed for beach nourishment purposes.

Precision is crucial when determining sand parameters. According to Syvitski (1991), for example, sieving time can influence the results of sand size analyses. Sifting efficiency in relation to sieving time has been evaluated with several studies. One of the hypotheses was that finer materials require longer sieving times; indeed, the finer the material, the greater the number of sieves that the sand needs to pass through, and the longer the grains will need to pass through smaller apertures (Mizutani, 1963). Thus, Syvitski (1991) and Lund-Hansen and Oehmig (1992) proposed a median sieving time of 20 min, whereas the US Army Corps of Engineers (USACE) (U.S. Army Corps of Engineers, 2002) chose 15 min, and Román-Sierra et al. (2013) established 10 min as the minimum time required to obtain accurate results for medium-grained beach and dune sands. However, these studies used mechanical sieving as the sieving method, and studies of the sieving efficiency with small diameter sieves shaken manually, though necessary, have not yet been performed. Poullet et al. (2019b) have compared manual and mechanical sieving with sieves of 20 cm diameter vs. manual sieving with 10 cm diameter sieves (both with 10 min of shaking time). Their conclusion was that the small diameter sieves should be rejected as a method on board for beach nourishment purposes. Nevertheless, the differences between mechanical and manual shaking with small diameter sieves have not yet been tested and neither has the influence of the shaking time with small sieves. These studies were contemplated in order to have a solution instead of the rejection of that method.

Therefore, the aim of this study is to distinguish the differences between the results obtained for the size parameters of sand sieved by hand (shaken manually) and sand that was mechanically sieved (shaken with a machine). In both scenarios, 10 cm diameter sieves were used. In addition, relative errors for different sieving times were investigated. The present paper shows the error arising from manual sieving and determines if this error is acceptable for beach nourishment works.



MATERIALS AND METHODS

The sand samples analyzed are from the Meca sandbank site, where sand was extracted to perform beach nourishments. The Meca sandbank is located between 15 and 20 m depths in the Gulf of Cadiz close to the Strait of Gibraltar (Figure 1A), and contains approximately 25 million m3 of sand that can be used for beach nourishments (Muñoz-Perez et al., 2009). The beaches on the coast near the sandbank consist of fine-medium sand, like the borrowed sediment, with an average D50 0.25 mm and a composition of 90% quartz and 10% calcium carbonate (Muñoz-Pérez et al., 2000).
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FIGURE 1. (A) The Meca sandbank in the Gulf of Cadiz close to the Strait of Gibraltar (Spain, Europe). (B) The hopper of the trailing suction dredger where the samples were taken.


Twenty samples were taken on different days from inside the hopper of a trailing suction dredger (Figure 1B) during beach nourishments in Cadiz (Costa Ballena and Punta Candor beaches). The sampling was carried out once the dredging operations were finished and the hopper was full of sand. Prior to removing the sand sample from the hopper surface, the operator took off the first 5 cm in depth from a 20 cm2 random sand area from the surface, adhering to the appropriate safety measures. The first 5 cm from the surface usually has a high percentage of shells, and it is not representative of the whole hopper (Poullet et al., 2019a).

While the dredger was sailing to the pumping area, the sand size analysis was carried out following the standard procedure described by Syvitski (1991), and slightly modified by Román-Sierra et al. (2013). Once the analysis was finalized on board by shaking with bare hands, each sample was saved in a hermetic bag in order to perform the analysis on the same samples afterward at the inland laboratory with the mechanical sieving method. Therefore, each sample was sieved twice with a small diameter sieve size (10 cm). Since this study case was during beach nourishment in Spain, eight specific mesh sizes were used for the sieving, 2 1 mm, 710, 500, 355, 250, 125, and 62.5 μm, because the Spanish Coastal Administration customarily requires it. The methodology for sand sample analysis is summarized below.

First, 20 samples weighing 100 g each were dried in the muffle for 12 h at the laboratory, whereas the drying process aboard was performed in a microwave for 5 min at maximum power. This specific weight was chosen to facilitate the passage of the samples through the meshes, since adding a larger volume of sediments could result in their accumulation. Following that, each sample was weighed with a triple beam balance scale, whose accuracy can measure within a tenth of a gram, in order to simulate aboard conditions. For the next step after the sample weighing, the sand sample was put into the upper sieve (2 mm mesh size) of the 10 cm diameter sieve column. Then, the dry sample was sieved for 10 min using the two different methods: manual and mechanical shaking procedures. The sand accumulated in each sieve was weighed to obtain the required values of D50 and the sorting. These steps were performed for the two methodologies. The parameters were calculated using the corresponding equations that can be found in Folk and Ward (Folk and Ward, 1957; Table 1). Blott and Pye (2001) produced a detailed manual of this study. The equations were based on the phi unit scale and can be converted from phi (φ) units to millimeters using equation 1.


TABLE 1. Formulae used to calculate the main granulometric parameters, according to Folk and Ward graphical measures (Folk and Ward, 1957), where Mφ is the estimated mean grain size and σφ is the estimated standard deviation of the sample in phi units.
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The sieving procedure was performed twice per each sample in order to find possible variations in the results. However, the results were exactly the same. In addition, the 3 samples with the highest differences for both methods were analyzed and checked a third time.

Furthermore, the overfill ratio (RA) was used to calculate the increase in the nourishment volume needed to compensate for the losses of fines from the borrow sand. Thus, the overfill ratio RA was determined by applying Eq. 2 and 3 in the James’ graph (Figure 2; U.S. Army Corps of Engineers, 1984). These ratios were obtained with the values of the Mean and Sorting parameters of manual and mechanical sieve procedures for both the borrow (Mφb and σφb) and the native sand (Mφn and σφn). This revealed the error which arose from using the manual sieving method, and what this implies for the necessary decrease in volume.


[image: image]

FIGURE 2. James graph where RA can be found using Mean and Sorting parameters for the borrow (Mφ b and σφ b) and the native sand (Mφ n and σφ n) (U.S. Army Corps of Engineers, 1984).
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A previous study (Muñoz-Pérez et al., 2012) has already established that mechanical sieving is the preferred method for obtaining realistic results and guaranteeing homogeneity. Therefore, the relative error (ε), taking the mechanical method as the reference, was calculated for D50 and the sorting parameters following Eq. 4 and 5.
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RESULTS AND DISCUSSION

The values of D50 (mm) and sorting (φ) obtained through the mechanic and manual sieving of 20 sand samples are shown alongside native sand values in Table 2. Thus, the difference between both methodologies for each parameter, and the error (ε) arising from using the mechanical method as a reference can also be observed. In addition, the percentage of shells present in the samples is also shown in the table. Other granulometric parameters like D95, D84, D16, and D5 and their differences are also shown in Table 3 in order to help find what sieve meshes have the sand accumulation, which could be a possible cause of the error with manual shaking.


TABLE 2. Granulometric parameters of 20 sand samples including D50 (mm) and sorting (φ), and difference (mm) and error (%) between methodologies for mechanical and manual sieving methods with 10 cm diameter sieves.
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TABLE 3. Granulometric parameters of 20 sand samples including D95, D84, D16, and D5 (mm), and difference (mm) and error (%) between methodologies for mechanical and manual sieving methods with 10 cm diameter sieves.

[image: Table 3]
The differences and errors in samples 16, 17, 19, and 20 were higher than in the other samples, and thus, tests for these samples were repeated, but the results did not change.


D50 (Median Grain Diameter)

Figure 3 shows that the D50 values were always higher when sieving was performed manually, i.e., mechanical sieving produces smaller D50 values. The maximum difference was 0.084 mm (sample 17), representing a maximum error of 36.5%, whereas the average error was of 14%. The mechanical sieving produced finer results due to the more constant and powerful shaking than shaking by hand. In manual sieving, sand was accumulated on certain larger mesh size sieves. A possible explanation for this is the application of less amplitude, strength, and consistency in the shaking performance that is needed for sand to pass through the corresponding mesh sizes. Moreover, it can be seen (example in Figure 4 of sample 17) that sand accumulated in the 355 μm-sized mesh during manual sieving. Nevertheless, for the same sample, part of this sand passed through to the underlying sieves (250 and 125 μm), when sieved mechanically.
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FIGURE 3. Graphical results of the granulometric parameters of 20 sand samples, D50 (mm) and sorting (φ) for mechanical and manual sieving methods with 10 cm diameter sieves. Percentage of shells is also shown.
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FIGURE 4. Comparison of the granulometric curves of sand sample 17 (particle size in mm and phi units) for both mechanical and manual sieving.



Sieving Time

Román-Sierra et al. (2013) established that a mechanical sieving performance of 10 min is sufficient to obtain the same results as with a 20 min sieving duration. However, their sieving analysis was performed using 20 cm diameter sieves, whereas in this study the sieves were smaller (10 cm diameter). For this reason, the samples with the highest differences were analyzed by both manual and mechanical shaking during 15, 20, 25, and 30 min (Figure 5), to determine how long a sand sample should be shaken manually for, using small diameter sieves, to acquire (if possible) similar results to those obtained with the mechanical sieving method.


[image: image]

FIGURE 5. Results of D50 from samples 16, 17, 19, and 20 sieved during 10, 15, 20, 25, and 30 min, respectively, with mechanical and manual procedures, and their respective errors (%).


Figure 5 depicts how D50 values decrease with increasing sieving time but stabilize after 20 min of shaking. Therefore, sand samples should be shaken manually during 20 min in small diameter sieves to obtain good results, as the relative errors were as little as < 5% after 20 min in all cases. Longer sieving times did not substantially improve the results. These results demonstrate that 10 min of sieving was not enough to obtain reliable results when manually shaking samples with 10 cm diameter sieves. Nevertheless, there was no problem as long as a manual sieving time of 20 min was guaranteed. Thus, here is a possible solution to the rejection of the small sieves according to the statement by Poullet et al. (2019b).

Furthermore, when analyzing the differences between sieves, the granulometric curve of sample 17 (Figure 4) was chosen because it was a representative sample that showed a clear example of how the mechanical procedure produced finer sand with more variable sizes. Indeed, it was observed that the larger differences were found around the 0.25 mm sized sand grains.

Tables 2, 3 show average values of D50 and D16 ranging from 0.184 to 0.329 mm, with 14% average error for both. These values correspond to the sieve meshes of 355 and 250 μm, where the highest errors can be found. The average values for D5 are 0.143 and 0.151 mm, with an error of 5.4%. Finally, the D84 and D95 average values range from 0.446 to 0.726 mm, and their errors are 1.3 and 5.4%, respectively. These results demonstrate that sieve meshes above 355 and under 250 μm are not the issue. Regrettably, the average D50 was also about 0.25 mm for the sand in the study zone of the present research.

Sand samples must be shaken manually during 20 min in small diameter sieves to get accurate results, in contrast to the 10 min needed with mechanical sieving (Blott and Pye, 2006) to get the optimal result.



Sorting

The results for the sorting parameter (for both mechanical and manual shaking) showed only a slight difference (almost homogeneous) between both methods (see Figure 3). Although the differences seemed to be minor, the sorting results obtained manually were always smaller than those acquired mechanically. If the sorting was smaller, it meant that the sample was not well sorted because the accumulation of grains with a specific size occurred instead of a more homogeneous spreading of the sand around the average.



Percentage of Shells

The amount of shells in each sample was visually obtained with the help of a microscope. The three upper sieves contained the most shell particles because bioclasts have a larger size than sand sediments. The percentage of shells did not seem to have any correlation with the sorting nor D50 (Figure 3). This might be because the percentages were not high enough to have an influence on the rest of the parameters. Further research should solve this question, for example by studying different values of shell percentages and their possible influence on the sand size parameters.



Overfill Ratio (RA)

Following the procedure established by Poullet et al. (2016) and applying Eq. 2 and 3 in the James method (U.S. Army Corps of Engineers, 1984), the overfill ratio (RA) was obtained for samples 16, 17, 19, and 20 (Table 4). These were the samples with highest values of D50 error when comparing the mechanical and manual sieving methods. These errors reached up to 36.5% in D50.


TABLE 4. Results of equations with the Mean and Sorting parameters of manual and mechanical sieve procedures for the borrowed samples (Mφ b and σφ b) and the native sand (Mφ n and σφ n), and the resulting overfill ratio (RA).
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The RA calculated for the mechanically and manually obtained results of Mean and Sorting reached differences up to 5% in volume for samples 17, 19, and 20 and 48% for sample 16. The RA for the mechanical sieving is considered the most accurate and, therefore, the reference value (as previously stated for the D50 results). Looking at sample 16, when the mechanical method is used, an RA of 1.50 indicates the need for an increased volume of dumped sand of 50% to fill the beach. On the other hand, the RA obtained with manual sieving for the same sample 16 is only 1.02, which implies just an increase of 2% volume sand needed for the nourishment: a 48% less volume than the former and more exact calculation. In other words, the manual results showed that the borrowed sand was stable and would not have losses (RA ≈ 1). However, actually, the more accurate mechanical results showed the need for a volume increase of the borrowed sand ranging from 5 to 50%. If the manual sieving for 10 min is chosen, the beach will be filled with less sand than what is really needed.

Although the results presented in this paper are specific to this type of sand, the methodology carried out could be generalized to any other beach worldwide. The variation in the estimation of D50 could be attached to a function with the shaking time. The present study results show quite significant error variations; thus, it has not been possible to obtain a direct transfer function. Therefore, an example of future research lines is in developing a transfer or correction function to improve the manual results, thus reducing the errors. This study was carried out while keeping in mind some possible facts that may induce variations in the results, like the sand drying method. Thus, future works will evaluate how the drying process affects the D50 results. For now, this study provides an alternative to obtain better results with small diameter sieves and the manual shaking method, which is to increase the sieving time for at least 20 min.



CONCLUSION

Coastal dynamics and littoral geomorphology processes are studied through several analyses that include (among others) the measurement of the main sand size parameters: median grain size (D50) and sorting. Moreover, the accuracy of the results of these sand size parameters is key for successful beach nourishment. Nevertheless, since the analyses must be performed aboard a dredger, and due to the lack of space amongst other difficulties, the sieving method to obtain the results usually involves the manual shaking of small sieves (10 cm diameter). For this reason, 20 samples were taken on board the dredger ship during dredging operations for beach nourishment in the Gulf of Cadiz (SW of Spain), and were sieved using two different methods: mechanical shaking vs. manual shaking.

This study was carried out to help to determine what error is made if manual sieving is chosen instead of mechanical sieving, and if this error is assumable for beach nourishment works. The results showed lower D50 values for the mechanical shaker compared to the manually obtained values. The average D50 error found for this particular case was of 14%, with a maximum of 36.5%. The D50 differences varied between 0 and 0.08 mm, with a mean of 0.038 mm. The representative granulometric curves show that larger differences were found in the sieves with meshes of 355 and 250 μm. This is a problem for this case because the borrow sand also had a D50 of 0.25 mm. Moreover, even though the sorting parameter did not seem to exhibit noteworthy differences between the methods, the mechanical sorting results were always higher, implying a more homogeneous spreading of the sand around the average instead of an accumulation in particular sizes, like with manually sieving.

Hence, despite the mechanical sieving results are the reference due to their higher accuracy obtained with just 10 min of sieving, manual shaking will remain the sieving process on board a dredger ship, and thus, the recommendation to perform the sieving is shaking manually for at least 20 min.

Furthermore, the overfill ratio (RA) was calculated for both manual and mechanical sieving methods; RA reached differences of up to 5% in volume for samples 17, 19, and 20, and 48% for sample 16. Accordingly, if the manual sieving method was performed for beach nourishment purposes when the volume of borrowed sand needed was obtained and dumped on the beach, an unexpected loss of sand may have happened.

Finally, the conclusions highlighted herein are specific for this type of sand. However, this methodology could be applied to beaches worldwide to determine the differences between mechanical and manual sieving results. Next research lines may consist of developing a transfer or correction function with the shaking time and D50 to improve the manual results by reducing the errors. In addition, it was found that the sand drying process in a microwave could be a factor that alters the D50 estimations; therefore, it should be studied in future works.
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