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ABSTRACT

A wide range of slurry mixing devices and techniques are used worldwide, but most make use of a venturi hopper.  Both dry mineral and polymer powders are mixed with these units which often result in clogging and passing clumps of unmixed powder into the slurry holding tank. As a result, additional measures are used to re-circulate the poorly mixed material until fully hydrated and in suspension. This can be time consuming. This article introduces an alternate technique that uses non-clog, Teflon-lined eductors which control the water powder contact. The resulting slurry is immediately ready for use.

INTRODUCTION

Construction of drilled shafts generally requires the excavation to be stabilized by either mechanical casing or hydrostatic slurry pressure.  Therein, lateral pressure is radially applied to the excavation walls by the strength of the casing or by the net fluid pressure of a slurry level maintained above the ground water table.  Depending on the slurry type (mineral, polymer, or natural), a lower to higher differential fluid level is required, respectively.  When compared to casing, slurry tends to use less expensive equipment making it more attractive but is more prone to complications associated with maintaining the borehole stability.  General complications include, but are not limited to: fluid property maintenance (viscosity, density, sand content, etc.), proper head differential, loss of fluid, and storage/handling/disposal issues.  

Mineral slurries, although effective, require time to properly mix the clay minerals which has been traditionally attributed to hydration time. The focus of a recent study from which this article was prepared was to expedite hydration with the goal of aiding small single shaft applications where only 2500 gallons of slurry might be needed (4 ft diameter shaft, 25 ft long). However, the findings can be extended to larger projects as well.

BACKGROUND

The most widely accepted slurry type for drilled shaft applications is mineral slurry formed by mixing dry clay powder with water.  Depending on the environmental conditions, either bentonite or attapulgite powder may be used (attapulgite being used in salt or brackish water environments). In all cases, however, mineral slurries require adequate mixing to ensure proper hydration and produce the desired fluid properties.  The efficiency of the hydration process stems from the initial contact between the powder and water. Slowly applied amounts of powder to moving or agitated water mix more thoroughly and readily, whereas dumping bags of powder into large mixing vats only produces large clumps of dry powder encased in a skin of partially hydrated clay.  If not mechanically broken apart the clumps will never become slurry. In some states a minimum hydration time (e.g. 24 hrs) is specified to account for inefficient powder introduction methods (NCDOT, 2010). In other states, specifications are performance driven to similarly assure the slurry will perform adequately (FDOT, 2010).

At the core of most mixing methods is a venturi hopper. As the name implies a powder hopper/funnel is connected to a large diameter pipe (2 to 6 inches ID) through which a smaller diameter tube is centered to form a venturi / orifice. The high velocity of the water exiting the orifice produces a local low pressure zone (vacuum) that helps draw the dry slurry powder into the stream of water. Unfortunately, this design immediately wets the walls of the pipe and in many cases the base of the hopper causing the dry powder to stick to all wetted surfaces. Figure 1 shows several views and configurations of venturi hoppers; many are made in-house by the contractor.
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Figure 1 Venturi hoppers: (a) drilled shaft application, (b) petroleum drilling, (c) inside base of hopper, and (d) internal orifice 2in to ¾in ID reduction.

You don’t have to look too far at a given site to find the stick (Figure 1b) that is needed to break loose material stuck to the base of the hopper. Regardless of the dry powder type (polymer or mineral) a build-up of material forms (Figure 2).
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Figure 2 Bentonite powder stuck at base of hopper (left); polymer (right).

With the goal of efficiently and rapidly producing viable slurry, a study funded by the Florida Department of Transportation (FDOT) explored various methods of mixing mineral slurry. Selected results are presented herein; the complete findings can be found elsewhere (Mullins and Winters, 2010). 

SLURRY MIXING AND TESTING

At the onset of the research, interviews with various shaft contractors and petroleum engineers were conducted to gain a better sense of the practice and potential needs. In general, this highlighted two points: (1) slurry mixing techniques vary little between industries, both largely use venturi hoppers and (2) with sufficient mixing and re-circulation within the slurry tank, slurry can be ready to use within as little as 20 to 30 minutes. However, most contractors mix slurry in advance to eliminate needless delays. Preliminary testing confirmed the latter point.

Using a commercially available venturi hopper, trial batches were mixed under somewhat unrealistic conditions where various slurry powder products were introduced in a controlled manner to minimize clumping and build up (no stick needed). The motivation was to test the effects of time on mixing and not the ability to further break apart clumps at the bottom of the slurry tank. Figure 3 shows a 200 gallon batch of mineral slurry being prepared with a water flow rate of 80 gpm through a 2in ID supply line.  
[image: ]
Figure 3 Slurry preparation with controlled powder introduction.

Five different products were tested in this fashion which consisted of 2 pure bentonites, 2 high yield bentonites, and a high yield attapulgite. Mix ratios were varied between 0.25 and 1.0 lb/gal although high yield bentonite products were too viscous to test at mix ratios above 0.5 lbs/gal. Slurry density and viscosity were monitored over an eight hour period after first introduction of the powders. All the mineral powder was added during tank filling with potable water and then re-circulated for 8 minutes before testing the slurry properties. Re-circulation continued for the first two hours of testing and was then discontinued until just prior to the 4 and 8 hr tests. Re-circulation resumed for 15 minutes prior to those tests.

Figure 4 shows the results only for the 0.5 lb/gal mixes which confirmed contractor findings that mineral slurries when mixed thoroughly can be used very quickly. With the exception of some data scatter in the high yield bentonite, no appreciable changes were noted beyond the initial tests performed 8 minutes after mixing. Density results were similarly constant.

These tests were continued with different types of pumps and powder introduction methods. Less controlled introduction (overloading the hopper) caused increases in the required mixing times up to 2 hrs before stabilizing to the same values shown in Figure 4. Centrifugal pumps showed no significant difference from diaphragm type pumps. Funnel bottom tanks achieved these values more quickly relative to flat bottom tanks due to accumulation of unmixed material (Figure 5). 
[image: ]
Figure 4 Trend of viscosity vs. time showed no appreciable change past 8 minutes.
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Figure 5 Sloped tank bottom aided mixing (left); flat bottom tank (right).

To combat accumulation at the bottom of larger slurry tanks mechanical or jetting agitation is used by many contractors which in turn speeds the mixing process. However, an alternate system was devised that targeted the initial wetting efficiency and eliminated clumping.

ALTERNATIVE MIXING SYSTEM

Originally designed in the early 1960s for polymers used in the sugar processing industry (CEHS, 2011), non-clog Teflon-lined eductors provide an alternative to venturi hopper systems. This type of eductor, commonly known as a “Hootonanny,” forms a cylindrical shell of flowing water by passing the water around a Teflon nozzle (instead of passing the water through the center of a nozzle). This causes the low pressure (vacuum) to be developed in the central core of the water. Mineral or polymer powders are therefore drawn into the center of the moving water (not the sides of the stream) through the Teflon nozzle. Therefore, the powder never comes into contact with a wetted device surface; rather the powder only touches high velocity water.  Figure 6 shows a non-clog eductor mixing slurry for a SPT drill rig as well as a basic internal schematic. 
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Figure 6 Bentonite powder pulled directly into mud pan (left), schematic (right).

Unlike most mud pans note there are no floating clumps of unmixed slurry immediately after introducing the powder. All the required bentonite powder is pulled in as the pan is filled and no re-circulation is necessary.  For drilled shaft applications more volume and flow rate is required to make such an approach viable. It would be tempting to simply scale up the dimensions of the eductor. However, larger diameter units are not necessarily better as the wetting surface area does not increase proportional to the volume of the dry powder core (Figure 7).  This is analogous to the design of an engine radiator that uses many small passages to increase the heat dissipating surface area; larger radiators simply have more passages not necessarily larger passages.

At the initial point of contact between the dry powder and water, the nozzle thickness pinches off to a zero cross-sectional area and the wetted perimeter of the dry powder is the inner diameter of the nozzle (or powder core).  If the wetted surface area or core diameter is doubled, the volume of dry powder is quadrupled which would affect the efficiency of the mixing.  A readily available alternative is to add eductors in parallel thereby maintaining present efficiency and proportionally increasing productivity. This was the option taken.
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Figure 7  Cross-section of eductor showing powder / water interface (mixing zone).

EDUCTOR SYSTEM DESIGN

The project goal was to rapidly prepare approximately 2500 gallons of slurry in less than 15 minutes (167 gpm) based on the successful demonstrations when powder was carefully introduced. This targeted single shaft applications where large mixing tanks and long premixing times are not practical. 

Several components of the mixing system were identified from the initial trials which included: (1) use of multiple Hootonany eductors to increase flow rate and maintain the initial powder to water contact area, (2) a minimum water supply flow rate of 167 gpm, (3) a funnel bottom tank to collect the eductors outflow, (4) a secondary outflow pickup pump to further mix and transfer the slurry, and (5) an intermediate impact plate on which the eductors outflow would spray against to further increase mixing energy.
 
Each eductor operates optimally flowing 30 to 40 gpm through a ¾” NPT fitting in the side of the unit. This meant that between 5 and 6 eductors would be needed flowing in parallel. When considering both the available supply pumps and cam and groove fittings, a 240 gpm pump and 8 eductors were chosen as the eductors could be conveniently oriented around a standard female / female 4” cam and groove coupler. This coupler has 2 latches on each side oriented 90 degrees apart which breaks the coupler into quadrants; this provided space for two eductors in each quadrant. Figure 8 shows the 8-ganged eductor configuration with a 4in ID supply line; the coupler was capped at the bottom. Each individual eductor was also equipped with ¾ in cam and groove coupler for easy assembly, cleaning or replacement.

When combined with the funnel bottom tank, a secondary pickup pump and a powder break out bin, the entire unit was relatively compact (Figure 9). When in operation, the funnel bottom tank is slightly less than half full and the impact plate is suspended above that level to make use of the kinetic energy of the eductor discharge for further mixing. The turbulence caused by the impact plate can be seen in Figure 8.
[image: ]
Figure 8 Multi-ganged configuration mixing slurry (left), flowing plain water (right).
[image: ]
Figure 9 Overall system component layout.

Trial batches were prepared using 300 lbs of pure bentonite powder for use in 1000 gallons of slurry based on earlier testing experience where the minimum acceptable FDOT viscosity of 28 sec/qt required a mix ratio no less than 0.3lbs/gal.  To assure the minimum mix ratio was achieved, the user wasted no time and aggressively vacuumed up the preset amount of powder (Figure 9). This was evidenced by the higher than expected mix ratio obtained where the 300 lbs of powder was introduced with less total water. However, no clumps were encountered and simple dilution could be used to reduce the final concentration if needed. Table 1 shows the results of these tests.

Table 1. Results of Preliminary Slurry Mixing Trials.
	Mixing  Time (min)
	Slurry Volume  (gal)
	Flow Rate (gpm)
	Mix Ratio (lbs/gal)
	Viscosity (sec/qt)
	Density (pcf)

	2.72
	594
	218
	0.51
	30.0
	65.49

	3.05
	673
	221
	0.45
	29.8
	65.47



FIELD DEMONSTRATION

A field demonstration was performed in conjunction with the R.W. Harris, Inc. drill crew in Clearwater, Florida to solicit feedback and work out unforeseen kinks in the system. The crew chose to use a high yield bentonite which develops high viscosity but low density and in some states cannot meet both criteria. In this case a usable viscosity was targeted wherein additional slurry head could be used to maintain a suitable net pressure. For the field trial, a hold tank was used to check the slurry before passing it on to the excavation (Figure 10). Although never the intended approach, the demonstration showed that the slurry mixing system is capable of producing slurry for direct introduction into an excavation. 
[image: IMG_9232]
Figure 10 Rapid slurry mixing system discharging to a slurry holding tank.

After quickly training the crew, slurry was mixed wherein all eight eductors actively vacuumed the high yield powder into suspension. It was immediately apparent that the slurry was too viscous (Figure 11) which should have been anticipated as only a 0.15 – 0.3 lb/gal mix ratio of high yield bentonite is needed to achieve 30 to 36 sec/qt viscosity. The system had already shown to consistently produce a mix ratio on the order of 0.5lb/gal.

[image: ]
Figure 11 RW Harris crew using system (left), resultant thick slurry (right).

By disconnecting half of the vacuum lines from the top of the eductors but still allowing all eductors to pass water, the system was tweaked to produce the desired mix ratio. As the goal was to produce usable slurry rapidly, a reasonable test was to keep up with the excavation of a 4 ft diameter shaft by making slurry at a rate that met or exceeded that required to replace the removed soil. The production rate of the system was far more than that required and was only run periodically as needed.

The outcomes from the field trials were translated into user charts (Tables 2 and 3) for various applications involving different feed systems and various mix ratios. Therein, a smaller feed line could be used on the system by removing eductors and capping off those ports.

Table 2. Recommended eductor configurations for various supply lines.
	Nominal Supply Line Diameter (in)
	Flow Rate (GPM)*
	Number of Eductors

	1
	20 - 40
	1

	2
	40 - 80
	1 - 2

	3
	70 - 230
	3 - 6

	4
	220 - 400
	6 - 8


*Assumes relatively short supply lines (less than 30ft); extended lengths will reduce flow rate.
A secondary configuration option is to simply disconnect the vacuum feed lines to one or more of the eductors while allowing all eductors to continue flowing water.  As a result, the powder introduction rate can be tailored to meet a target mix ratio at less than the fully functioning / optimal eductor pickup rate. Table 3 provides various eductor usage configurations based on provided flow rate (number of active ports) and the number of vacuum lines in use.
Table 3 Eductor / vacuum tube configurations for the multi-gang systems.
	Mix Ratio (lbs/gal)

	No. Active Ports
	Flow Rate (GPM)
	Number of Vacuum Lines Used

	
	
	1
	2
	3
	4
	5
	6
	7
	8

	1
	30
	0.50
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	2
	60
	0.25
	0.50
	NA
	NA
	NA
	NA
	NA
	NA

	3
	90
	0.17
	0.33
	0.50
	NA
	NA
	NA
	NA
	NA

	4
	120
	0.13
	0.25
	0.38
	0.50
	NA
	NA
	NA
	NA

	5
	150
	0.10
	0.20
	0.30
	0.40
	0.50
	NA
	NA
	NA

	6
	180
	0.08
	0.17
	0.25
	0.33
	0.42
	0.50
	NA
	NA

	7
	210
	0.07
	0.14
	0.21
	0.29
	0.36
	0.43
	0.50
	NA

	8
	240
	0.06
	0.13
	0.19
	0.25
	0.31
	0.38
	0.44
	0.50


 
Using Table 3, the field trial configuration using 8 eductor ports and 4 active vacuum lines produces a mix ratio of 0.25 lbs/gal which is in line with the measured viscosity and that which should have resulted from that ratio.

CONCLUSIONS

Many state specifications provide leeway for contractors to mix slurry with any means that satisfactorily produces the required slurry viscosity and density.  The viscosity range is pertinent with regards to slurry preparation and first introduction into an excavation while the density criterion is intended to assure adequate displacement potential at the time of concreting (sand content not discussed herein).  Many contractors have developed innovative methods and mechanisms to mix slurry, but a key component to these systems is slurry clump/sediment recirculation. This study showed that regardless of pump type, mixing tanks that provide effective recirculation of un-hydrated mineral sediment (e.g. funnel-bottom) perform more efficiently than those that do not.  The required time of recirculation varies dependant on the efficiency of the sediment suspension / re-circulation method.

Alternately, commercially available, Teflon-lined eductors were shown to be effective at mixing slurry at rates commensurate with the slurry introduction rate of standard drilled shaft excavations (in this case less than 220 gpm).  Furthermore, the system assembled for this project mixed mineral slurry (using pure bentonite) that immediately met local state mineral slurry specifications without the need for holding tanks or additional recirculation.  In practice, however, an intermediate tank (or oversized surface casing) may be more reasonable to reduce the number of start/stop cycles of the slurry mixing system. High yield or polymer fortified bentonite slurries were easier to prepare as the target mix ratios tended to be lower and could be met with a nominal 0.5lb/gal pickup rate.
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