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Abstract

We are drilling boreholes for the permafrost outreach program that involves schools in the arctic circumpolar regions. The purpose of the project is to establish permafrost monitoring stations at schools and have students and teachers participate in gathering data.  We drill a 6m deep borehole for the monitoring stations to measure ground temperatures.  There are more than 50 sites established, and many of the schools are located in the remote villages. This created a great opportunity and necessity to develop a portable, lightweight small diameter drill system. However, the permafrost conditions and local geology varies greatly. Such portable drill system is strongly affected by the grain size of the frozen materials. The design for the auger and coring bits (mechanical properties) for fine-grained frozen soils are already well developed.  However, frozen gravel, boulder, glacial sediments are extremely difficult to drill even when using heavier track mounted hydraulic drill systems. In our outreach project, we tried to develop a method of drilling through frozen gravel using a portable drill system. This study presents our experiments and an introduction of different techniques for a portable drill system.
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Introduction


Portable drill system was probably developed as a percussion system to find shallow groundwater. Sample percussion system was established and widely used in Japan as “Kazusa-hori” in the early 18th century.

After the industrial revolution, rotary type of drill systems became more popular than the traditional percussion system. And today, there are much more different types of drill systems widely available for drilling. Table 1 shows the classification of the drill systems. 

Table 1. Popular drill systems using today and developed proto-type portable drill system and the experiments indicated.

	type
	system
	in this study

	percussion
	rope drill 
	no

	 
	rod drill
	yes

	 
	hammer drill 
	yes

	 
	down the hole drill (in line drill)
	yes

	rotary
	spindle drill
	yes

	 
	rotary table drill
	no

	 
	drive head drill
	yes

	 
	power swivel drill
	yes

	 
	bit rotation (turbo drill, dyne drill, electro drill)
	no

	other
	earth auger
	yes

	 
	push casing
	yes


Our goal for this experiment should meet the following conditions to be useful for the permafrost outreach program: 1). Light weight; all system should be compact and light enough to carry on a small air plane, helicopter, snow mobile as well as small boat to reach remote villages. 2).  Portable system; the operation only requires one or two persons to start and to complete all work to establish the monitoring station. 3). Small diameter hole; the borehole only needs to be large enough to install a 1” (25mm) PVC casing. The hole should be as small as possible to minimize site disturbance. 4). Able to cope with different types of frozen ground (materials). Most sites consist of widely different types of sacrificial geology. It is important to be able to adapt to any kind of ground condition to successfully drill at each schools. 

The drilling technique for the fine-grained soils such as frozen silt, sand are well researched and developed, especially by the Cold Regions Research and Engineering Laboratory (CRREL), US Army Corps of Engineers (e.g. Mellor, 1976; Lawson and Brockett, 1980; Sellmann and Brockett, 1986; 1988). Sellmann and Mellor (1986) summarized extraordinary work for the drill bits design for frozen fine-grained soils. They concluded that the best performance of the drill bits should 1) stay sharp as long as possible, 2) resist damage from impact with any coarse-grained material, 3) be large enough to allow penetration at the maximum feasible design rates. Lack of adequate clearance angle is a common problem. 

This study mainly focuses on discussing methods of a portable drilling system for frozen coarse-grained materials such as frozen gravel, because this material is one of the most difficult materials to drill, and also very common around the study sites. And we need to be able to drill boreholes even through these materials in many remote villages.

Methods
Drill system

Water jet drill


Water jet (hot water jet) system (figure 1) is widely used for glaciological investigations. This method is definitely effective for a borehole on the glacier, sea ice, icing, as well as ice rich permafrost. We used Honda 5HP pressure jet pump with custom-made nozzle, and also tested hot water jet unit from Kovacs Enterprise Ltd. 
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Figure1. Hot water jet system employed for old borehole (left) and proto-type lightweight compact disassembled rotary drill with air swivel (right).

Jackhammer

Jackhammer is a powerful tool to break hard solid material such as rock and/or ice. The capacity for the drill depth will be the weak point of this tool. Usually, jackhammers can only dig 1-3m or less. However, we used a gas powered Swedish rotation jackhammer (Pionjar 120). It could drill a hole 6m deep to bedrock even through granite. 

Down the hole drill (inline percussion drill)

As generally known, the shock (vibration) action is very efficient for gravel or bedrock drilling to separate each grain. We try to employ this action in adapted it with our portable drill system. We modified in line shock actions used air hammer tool (aircoworld air hammer: bore diameter 19.05mm, 4500 blow per minute (RPM), average air consumption 143 cubic meter per minute) (figure 2). 

Rotary drill and earth auger

Both Rotary drill and earth auger requires rotation action for drilling.  We used three different source to rotate drills: 1) easiest to use but weak method is electric. Electric drill is easy and also works great in colder temperature. 2) Mechanical drill (figure 1) is probably the most commonly used method for a portable drill. Because it’s relatively light-weight and strong, although it could be hard to start in colder temperatures. And 3) hydraulic is the best method for deeper boreholes, easy to handle, stronger etc. Which is why most of the commercial drillers use this method. However, it is not capable to convert into a portable drill, because the system requires many different heavy components (figure 3). And also the hydraulic fluid needs to be kept warm during operation. 
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Figure 2. Proto type down the hole drill unit (inline percussion drill). 
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Figure 3. Portable hydraulic spindle (rotary) drill with air swivel. This is lightweight unit comparing with track rig machine. However, it still heavy (more than 100kg) to carry around.

Percussion drill

Electric percussion/rotation drill is one of the ideal drill systems for a portable drill system. We tried the heavy-duty electric percussion drill to see if we can apply it to drilling in permafrost (figure 4). 
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Figure 4. Electric percussion drill with water swivel. This hammer drill has 14A/120V power with 120-250 RPM rotation with impact (energy: 13.3 ft./lbs).
Drill Bits

Drill bits are one of the most important components of drilling. We tested many different bits for this experiment. Auger bits with a rotating system are faster and easier to drill. However, this is difficult in a gravel layer. In general, core bits are used for core sampling but can also be used for drilling gravel layer. We used several different shapes of core bits with carbide or diamond chips (figure 5).
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Figure 5. More than 20 different auger/core bits are tested for this experiments. 
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Figure 6. Proto type percussion drill bit with thermistor and electric resistivity contact points (Wenner configuration).
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Figure 7. Commercially available rock hammer bits (right 4 bits) and dry hole diamond bit (left) connect to our drill system.
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Figure 8. 30mm diameter core bit for gravel (negative rake angle)(left) and for silt (positive rake angle)(right).
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Figure 9. 50mm wide auger bit for multi-grained (no rake angle)(left) and for silt (positive rake angle)(right).
Results

We tested the rotation jackhammer on the frozen rocky beach and flood plain materials. The jackhammer was capable of producing two action, rotation and percussion. However, the rotation was not the prime action by design and only rotated as a secondary action. When the ground material melts form the drilling the borehole becomes wet by the thawing silt materials, the driving shaft for the rotation sticks to the mud and stops rotating. The wet silty material and melt water generated by the action also absorbed the percussion power of the jackhammer. As a result, jackhammers work wonderful in dry bedrock but not for frozen silty gravel. 

In general, the in-line percussion method worked better than just using the rotational drill. Figure 10 shows results from the experiment with the rotational drill using the in-line percussion and without it, in fine and coarse grained materials.

This table shows that the in-line system works well for both (fine- and coarse-grained) materials. However, the benefit of the percussion action is clearer in coarse gravel. The inline percussion drill system performs 2.2 times more efficient than using only a rotation drill (figure 10: open dots). 
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Figure 10. Drill speed performance with/without percussion action (in-line) for frozen silt and gravel.

Using water/air is a great way to remove materials (slim) from the borehole and also to keep the bit tip clean. The water/air swivel allowed connecting pressured water/air to the drilling shaft and through the tips of the drill bit, while the drill is rotating. The slims are blown out of the borehole. The system requires a large air compressor (>100 CFM) or high-pressure water pump (2GPM), and it worked great with our portable drill system. The swivel enables to connect pressured water or air to the drilling shaft while the drill is rotating. This drilling system includes three major components when digging the ground, 1) rotation action, 2) high pressure forced water/air - pushing action to remove chips, 3) impact (percussion) action. The swivel can handle high pressure forced water/air pushing action and blows slims out of the borehole. However, working with permafrost, we would like to keep the study site frozen while we drill. As a result, a chilled (cooling) system is needed before sending water/air through the swivel. If super cooled water or chilled air was used, the system will cause minimal disturbance. 

In general, physical theory for drilling depends on three major aspects, which are, rotation of the bit, down loading and removing slim.  When one of these aspects does not work properly, drill speed slows down significantly or even stops drilling. Using the portable drill system in graveled area, the depth of the cutting blade is significantly smaller that the grain size of the gravel. In which case, the first aspect of drilling theory is not satisfied. Also removing the slim requires water, air, or auger flights to establish a large enough flow pathway. The velocity of the flow pathway is related to the grain size of the slim. Maximum grain size (G:mm) is calculated by following equation (Mori, 1981).

G = 0.0055v2 Gw/(Gs- Gw)

where v:velocity(cm/sec), Gs:density of grain, and Gw:density of water. Using this equation, the 6-10 mm diameter of grain required 40-60 cm/sec of velocity using water. Although this is not impossible pressure to create, it makes it unlikely to easily convert to a portable drill system.  Drilling through coarse grain material clearly exceeds the limit of the physical theory for drilling. As a result, we came up with the following conclusion for the coarse material drilling:

(1). Rotation system does not work properly.

(2). Percussion system aids in removing grain particle.

(3), pyramid shape (zero apparent rake) bit (figure 9) works for removing pebble, especially when high fine grain material content is present in the matrix.

(4). Bentnite works good to keep wall stable.

(5). Diamond metal core bit works great to drill any kind of gravel, rock and boulder. However, it takes a long time.

Table 2 shows summary of our experiments.  Percussion action helps to separate each grain and removed the gravel from the frozen matrix freeing the gravel to move. However, the slim (grain) could not be removed from the borehole because of the grain size. A smaller diameter driving-rod is an essentials parameter to successfully drill through grained materials.
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Figure 11. Ideal main drill system and bit properties of portable drill system for different frozen materials. Rake and relief angles for ice and fine-grain soil is after Sellmann and Mellor (1986).

Table 2.  Summary of the portable drilling operation for fine- and coarse- grain frozen materials 
	type
	system
	for fine grained materials
	for coarse grained materials
	benefit
	weakness
	remarks 

	percussion
	jackhammer
	moderate
	moderate
	handy
	little heavy
	Pionjar 120

	 
	Jackhammer with rotation
	moderate
	good
	handy
	little heavy
	Pionjar 120

	 
	rod drill
	moderate
	good
	simple
	heavy depend on weight
	handmade

	 
	hammer drill 
	moderate
	moderate
	very portable
	weaker action
	Bosch 14A 

	 
	down the hole drill (in line drill)
	moderate
	good
	efficient
	need air compressor
	modefy from air hammer

	rotary
	spindle drill
	good
	fair
	strong hydraulic system
	heavy
	hydraulic system

	 
	spindle drill with air
	excellent
	good
	strong hydraulic system
	heavy, need air compressor >100CFM
	hydraulic system

	 
	spindle drill with water
	excellent
	good
	strong hydraulic system
	heavy, need water pump and water source
	hydraulic system

	 
	drive head drill
	good
	fair
	portable
	weaker action
	

	 
	drive head drill with air
	excellent
	good
	portable
	weaker action
	

	 
	drive head drill with water
	excellent
	good
	portable
	weaker action
	

	other
	earth auger
	good
	fair
	portable
	only fine grained materials
	little beaver

	 
	push casing
	fair
	bad
	strong hydraulic system
	unlike success
	hydraulic system

	 
	water jet
	good
	fair
	portable
	need water pump and water source
	5HP Honda


Conclusion

The rotating drill is highly effective for fine grain materials, and even in the coarse grained material, if the pore space is filled with silt or clay materials. The percussion system creates an effective action for drilling in coarse grain material layer (figure 11). Heavier weights on the driving rod generate better percussion energy. However the reality of drilling in remote villages limits the size of manpowered percussion system to about 30kg (figure 12). Instead of using heavy weight as percussion, using a smaller diameter rod (12mm) aided drilling in two ways with the percussion method. Because of the smaller diameter, the speed of drilling was increased, and the borehole is small enough that the grainy materials can be pushed to the inside wall of the borehole.

The in-line percussion (down-the-hole) drill has improved drilling performance, with the combination of percussion action and bit rotation. The combined actions are important system for drilling through the coarse grain permafrost. We still need to design and build an in-line percussion system for heavy-duty use and stronger impact energy in the future. 
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Figure 12. Manpower traditional percussion system using steel rod.
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