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Foundation work can cause damage to adjacent buildings and infrastructure. 

Drilling is performed in sensitive areas in urban projects and where the ground 

conditions are difficult. It is important to be aware of the installation effects from 

drilling. Pneumatic drilling is commonly used in production but hydraulic drilling 

is advised in sensitive areas. Hydraulic drilling is believed to cause less disturbance 

in the ground, although there are no available field studies regarding the 

installation effects induced by water driven drilling. 

By measuring the pore water pressure and the settlements during the installation 

of a RD-pile wall the magnitude and extent of the installation effects induced by 

water powered DTH drilling is investigated in fill material and esker material. The 

results indicate settlements close to the installed piles in both materials, larger in 

the esker material. The pore pressure shows both increases and decreases in the 

esker material, the decreases implies the Venturi effect is present in water driven 

drilling. The pore water pressure changes are larger at the measurement point 

furthest away from drilling in the fill material but the settlements are the smallest 

there. The largest increases of the pore pressure are seen when the hammer flushes 

water out into the formation and not during drilling.  

 

Key words: DTH drilling, hydraulic drilling, settlements, pore pressure, Venturi 

effect. 
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Grundläggning kan orsaka skador på intilliggande byggnader och infrastruktur. 

Borrning sker i känsliga områden och i innerstadsprojekt där markförhållandena 

är svåra. Det är viktigt att vara medveten om omgivningspåverkan borrning av 

pålar medför. Luftdriven borrning används ofta i produktion men vattendriven 

borrning rekommenderas i känsliga områden. Vattendriven borrning antas orsaka 

mindre störningar i marken, även om det inte finns några tillgängliga fältstudier 

som berör omgivningspåverkan från vattendriven borrning. 

Genom att mäta porvattentrycket och sättningarna under installationen av en 

borrad RD-spont undersöks storleken och utbredningen av omgivningspåverkan 

av vattendriven DTH borrning i fyllnads-material och ås-material. Resultaten 

indikerar sättningar nära de borrade pålarna i båda materialen, större i ås-

materialet. Porstrycket visar både ökningar och minskningar i ås-materialet. 

Minskningarna antyder att Venturi-effekten är närvarande i vattendriven borrning. 

Förändringarna i porvattentrycket är större vid mätpunkten längst bort från 

borrningen i fyllmaterialet, men där är sättningen minst De största ökningarna av 

porvattentrycket ses när hammaren spolar vatten ut i formationen och inte under 

borrningen.  

 

Nyckelord: DTH borrning, vattendriven borrning, sättningar, porvattentryck, 

Venturi effekten.  
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CPT Cone Penetration Test 

CTPu Cone Penetration Test with pore water pressure 

DTH Down-the-hole 

MWD Measurement while drilling 

OCR Overconsolidation ratio 

PPA Pore Pressure gauge group A 

PPB Pore Pressure gauge group B 

PPC Pore Pressure gauge group C 

RD Ruukki Drilled  

SSA Settlement Screw group A 

SSB Settlement Screw group B 

SSC Settlement Screw group C 

𝜎 Total stress     [𝑘𝑃𝑎] 

𝜎′ Effective stress    [𝑘𝑃𝑎] 

𝜎𝑐
′ Preconsolidation stress    [𝑘𝑃𝑎] 

𝜎𝑜
′  Current vertical effective stress   [𝑘𝑃𝑎] 

𝛾𝑤 Unit weight of water    [𝑘𝑔 𝑚3]⁄  

𝜌 Density of fluid    [𝑘𝑔 𝑚3]⁄  

𝑑 The diameter of the drill rod  [𝑚𝑚] 

𝐷 The diameter of the casing   [𝑚𝑚] 

𝑒 Void ratio     [−] 
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𝑔 Gravitational acceleration    [𝑚/𝑠2] 

ℎ Total head     [𝑘𝑃𝑎] 

𝑖 Hydraulic gradient   [−] 

𝑘 Permeability     [𝑚 𝑠⁄ ] 

𝑝 Static pressure   [𝑘𝑃𝑎] 

𝑄 The water flow   [𝑙 𝑚𝑖𝑛⁄ ] 

𝑣 Flow rate    [𝑚 𝑠⁄ ] 

𝑣𝑏,𝑤 Bailing velocity of water    [𝑚 𝑠⁄ ] 

𝑉𝑉 Volume voids    [𝑚3] 

𝑉𝑆 Volume solids    [𝑚3] 

𝑢 Flow rate of medium   [𝑚 𝑠⁄ ] 

𝑢𝑤 Pore water pressure   [𝑘𝑃𝑎] 

𝑧 Height over reference plane   [𝑚] 
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There are different types and shapes of piles as well as various ways to install them. 

The ground conditions, the required bearing capacity, price and other restrictions 

affects the choice of pile type and installation method. Drilled steel piles are used 

in Scandinavia due to the ground conditions created by the glacial period 

(Bredenberg, 2000). Steel piles consists of 30% of the installed pile meters, 40% 

of them are drilled and the rest is driven (Commission on Pile Research, 2016). 

Drilled steel piles are used when there are obstructions in the ground, which 

creates problems for driven piles. They are also used in projects where mass 

displacing piles are prohibited. Steel piles are drilled with a top hammer or a down-

the-hole hammer (Bredenberg, et al., 2010).  

DTH hammers have rotary percussive drive as top hammers but causes less noise 

and can drill larger piles (Bredenberg, et al., 2010). DTH hammers have been used 

since 1950. The first hammers were air driven but in 1988 the first hydraulic DTH 

hammer was introduced (Wassara, 2017). New systems are developed to meet new 

demands. The most recent is the modern pneumatic pilot with reversed circulation 

(Atlas Copco, 2017). Drilled steel piles have been developed in Finland and 

standards for design and construction was developed earlier than in Sweden 

(Bredenberg, et al., 2010). 

Foundation works affect the surroundings in several aspects. During construction 

noise and vibration occur. The installation of piles can cause lowering of the 

ground water level and settlements (SGI, 2015). Which in turn may damage 

neighbouring buildings and adjacent infrastructure (NGI, 2017). DTH drilling of 

steel piles causes less damage compared to other installation methods but it still 

disturbs the soil formation and the surrounding area (Bredenberg et al., 2010). 

There is limited information on the installation effects from DTH-drilling and the 

difference between the available systems. One field study compared the 

settlements induced by conventional and modern pneumatic drilling. The pilot 

with reversed circulation induced smaller settlements compared to the 

conventional pilot (Bredenberg, et al., 2014). Another field study compared the 

pore pressure changes and settlements from pneumatic and hydraulic drilling and 

showed larger impact on the soil formation from the air driven system (Ahlund & 

Ögren, 2016). 

A larger project was conducted by the Norwegian Geotechnical Institute to 

investigate the causes to limit the damage from foundation works (NGI, 2017). 

The first part of the project aimed at finding the causes behind the settlements. 

Case studies was performed where the pore water pressure and settlements were 

measured in connection to deep sheet pile supported excavations. The settlements 

were caused by a pore pressure reduction at bedrock level induced by leakage. 

Drilled piles and tie-back anchors was pointed out to increase the risk of leakage. 

Bored piles posed a higher risk than the tie-back anchors of inducing leakage along 

or inside the casing (Langford, et al., 2015). After identifying the causes, a field 

study on tie-back anchors was conducted. It aimed to investigate the impact of 

five different installation methods to increase the knowledge of the installation 
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effects. Pneumatic DTH drilling caused the highest pore water pressure increase 

(Lande & Karlsrud, 2015). The installation effects from pile drilling was 

investigated, three main reasons were identified; over-coring, reconsolidation and 

consolidation induced by pore pressure reduction (Karlsrud, et al., 2015). 

The amount of available land is scarce in Stockholm. New constructions often 

must be placed on old industrial land or by densifying current neighbourhoods 

(Stockholm Chamber of Commerce, 2014). When executing foundation works in 

these kinds of sensitive areas, it is important to be aware of the installation effects. 

The Norwegian studies provide a good overview of the problems concerning 

drilled piles but it is hard to benefit from their findings since the ground 

conditions vary significantly between the countries. The comparative field study 

between modern and conventional pneumatic drilling does not concern hydraulic 

drilling (Bredenberg, et al., 2014). The comparison of the installation effects from 

hydraulic and pneumatic drilling indicates smaller installation effects from 

hydraulic drilling (Ahlund & Ögren, 2016). 

Water driven drilling is prescribed in sensitive projects but the method is not used 

widely in production (Finnish Road Administration, 2003). This thesis is carried 

out for KTH, the Royal Institute of Technology and Skanska Grundläggning. 

With the limited information on the subject, a qualitative field study of the 

installation effects induced by water driven DTH drilling is conducted.  

The field study is conducted on a drilled RD-pile wall on the Slussen project in fill 

material overlying a natural esker material. The piles are drilled with an eccentric 

pilot and a water driven hammer. Due to limitations on the project site the 

installations effects are only studied from hydraulic drilling. The set-up of the field 

study is planned to use a rule of thumb initially used for driven piles. The rule says 

the extent of the installation effects: up to four times the diameter of the hammer 

the impact is considerable and after eight times the diameter of the hammer the 

impact is negligible. The magnitude of the installation effects are compared 

between the esker and the fill material. The piles are drilled in row and the distance 

between the pile and the measurement equipment varies which makes it possible 

to investigate the extent of the installation effects.   
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The literature study is carried out to provide the general picture of pile drilling and 

a theoretical background to the installation effects occurring during the 

installation. There is a limited amount of studies connected to pile drilling. The 

impact on soil formation by water driven DTH drilling have been investigated for 

tie-back anchors drilled in clay in the ‘Damage Limitation’ project (Lande & 

Karlsrud, 2015). Ahlund and Ögren (2016) compared pore pressures and 

settlements induced by hydraulic and pneumatic DTH drilling.  

The literature study consists of five parts. The first part concerns drilled steel piles. 

The second part is connected to drilling and covers different kinds of hammers 

and pilots. In the third part of the literature study the theoretical background to 

soil behaviour is described and the fourth section is connecting the theoretical soil 

behaviour and the drilling of piles to the installation effects. The last part describes 

the measurement equipment used in the field study.  

 

 

Steel piles are used in Scandinavia due to the ground conditions created by the 

glacial period, but could be suitable in other countries as well (Bredenberg, 2000). 

Steel piles are driven or bored, but many projects driven piles are prohibited due 

to their mass displacing effect. Mass displacing piles are installed without 

removing any soil compared to the non-displacing piles where the soil 

corresponding to the volume of the pile is removed. Drilled steel piles are non-

mass displacing piles  (Holm & Olsson, 1993). 

The latest available statistics on drilled steel piles is from 2016 and concerns the 

installed piles in 2015. It was summed up to 250 421 meters of drilled piles, which 

is 12% of the installed pile meters in Sweden (Commission on Pile Research, 

2016). Steel piles constitutes of 30% of the pile meters annually (Bredenberg, et 

al., 2010). If a steel core is inserted in the casings, to increase the bearing capacity, 

it is called a steel core pile (Bredenberg, 2000). 

 

Steel piles are drilled with a steel pipe which becomes the supporting structure. 

The steel pipe is usually filled with concrete to reduce the corrosion and increase 

the load bearing capacity. Reinforcement can be installed inside the steel pipe 

before the concrete is casted to further increase the bearing capacity. The different 

load cases are displayed in Figure 1. The bearing capacity of steel piles increases 

with the diameter of the casings (Bredenberg, et al., 2010). Steel piles are drilled 

with diameters from 100 up to 1000 millimetres (Finnish Road Administration, 
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2003). The wall thickness of the steel pipes varies from five to sixteen millimetres. 

Steel piles can take loads up to 6000 kN, but higher loads have been suggested. 

The steel piles are drilled to a layer with sufficient bearing capacity where the loads 

are transferred. The pile is tip bearing. If the steel piles are drilled down to 

bedrock, it is important that the rock have sufficient bearing capacity (Bredenberg, 

et al., 2010). 

 

There are different loading cases for 

the transfer of the loads to bedrock 

as shown in Figure 2. The first case 

concerns when the whole load is 

transferred to the bedrock through 

the casing alone in absence of 

concrete. The second case is when the casing has contact with the bedrock and 

concrete is casted both parts are load bearing. If the steel tube has contact with 

the bedrock but drill cuttings is left between the bedrock and the concrete, the 

bearing capacity of the concrete is significantly reduced. To achieve full bearing 

capacity, it is important to ensure contact between the bedrock and the concrete, 

which also decreases the risk of corrosion at the bottom of the steel tube 

(Bredenberg, et al., 2010).  

 

The installation of steel piles has high accuracy. 

The real position after installation can be as 

accurate as 10 millimetres, which is displayed in 

Figure 3. This is an advantage since columns can 

be placed on top of one pile (Bredenberg, et al., 

2010). 

Figure 2. Load 
cases for bearing 
capacity in tip 
resisting piles 
(Bredenberg, et al., 
2010). 

Figure 3. Precision of drilled steel 
piles (Bredenberg et al., 2010). 

Figure 1. Different types of steel piles. 
1a. Casing only 1b. Casing filled with 
concrete 1c. Casing, reinforcement and 
concrete (Bredenberg et al., 2010). 
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The steel piles are often equipped with a plate on top of the pile to transfer the 

load from the superstructure. The plate is centred on the pile and it is important 

to have contact between the steel tube, the concrete and the reinforcement if such 

is used to ensure full capacity (Bredenberg, et al., 2010). 

Steel piles can be drilled in full length, but often there are limitations during the 

installation. The availability of the site and the drilling equipment determines the 

possible length of the piles. The steel casings can be drilled in smaller fractions 

and be jointed together (Bredenberg, et al., 2010). There are different techniques 

to joint steel piles. The sections can be welded together or thread together. 

Welding requires control of the performed work, which is demanding. The 

capacity of the joints needs to be in the same magnitude as of the steel pipe 

(Finnish Road Administration, 2003). Threads on the other hand may cause 

problems during drilling. The hole needs to be drilled larger than the casing for 

the threads to be able to penetrate through the obstacles in the ground 

(Bredenberg, et al., 2010). 

 

A steel core pile is a drilled steel casing 

which is inserted with a core of steel and 

filled with concrete. Figure 4 displays a 

cross-section of a steel core pile. The steel 

core pile has higher bearing capacity and 

can take tension forces (Bredenberg, et 

al., 2010). A steel casing is drilled through 

the overburden and drilled to bedrock. 

Rock drilling is performed and a steel core 

is inserted. Concrete is casted in the rock 

drilled hole and between the casing the 

steel core.

The condition of the bedrock below the 

overburden needs to be investigated. Steel 

core piles demands higher rock quality, the 

bedrock should take larger loads. If the 

rock quality is poor, grouting may be 

needed to prevent collapse of the borehole 

(Bredenberg, 2000).  

There are two ways of installing the steel 

core (Bredenberg, 2000). The first way 

concerns tip resisting piles, shown in 

Figure 5. The steel core and the casing is 

drilled into the bedrock. The tip is placed 

in the rock and casted in concrete to 

prevent corrosion.  The second way is 

used for higher loads or for rock without the 

sufficient bearing capacity, displayed in 

Figure 6. The casing is drilled to bedrock 

Figure 4. Cross-section of a steel 
core pile (Bredenberg, et al., 
2010). 

Figure 5. Tip resisting steel 
core pile (Bredenberg, 2000). 
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and after reaching it, rock drilling is performed. The 

required distance of rock drilling depends on the 

quality of the rock and the load. The steel core is 

inserted and casted in concrete.  

 

 

 

 

 

 

An RD-pile wall is constructed as a retaining wall by connected steel piles, shown 

in Figure 7. It can be used as both permanent and temporary constructions. If the 

pile wall is used for a permanent construction concentric drilling is used. For 

temporary constructions, eccentric drilling can be used. The drilled holes need to 

be bigger than the piles to make room for the interlocks, especially if there are 

boulders in the ground. The construction can take vertical loads if the piles are 

drilled to bedrock.  A RD-pile wall is suitable for horizontal loads since the RD-

piles have high stiffness and resistance against bending (SSAB, 2017). 

The piles are connected to each other with interlock which are welded to the steel 

pipes in the factory. The locks come in two designs, the SSAB RM/RF and the 

SSAB   E21 (SSAB, 2017). The interlocks are displayed in Figure 8. The RM/RF 

have injection channels in the interlocks, which is used to make the pile wall 

watertight at the bottom. The interlocks are used for piles of diameter 220-1220 

millimetres. The other 

interlock system, the SSAB 

E21, is used for diameters in 

the range 400-600 

millimetres. It is used to 

attach the piles to a sheet 

pile wall.  

Figure 6. Steel core pile with increased 
load bearing capacity (Bredenberg, 2000). 

Figure 8. RM/RF and E21 locks (SSAB, 2017). 

Figure 7. RD-pile wall with interlocks (SSAB, 2017). 
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Favourable conditions for choosing steel piles are limits on noise and vibrations, 

which are low during installation. The low impact on the surrounding 

environment makes the drilled steel pile suitable for projects in urban areas. If the 

work site restricts use of mass displacing piles drilled piles are suitable 

(Bredenberg, et al., 2010).  

Drilling of steel piles does not require heavy machines, which is convenient when 

the soil has low bearing capacity. There are smaller machines, which are used in 

basements for ground reinforcement where space is scarce. The bearing capacity 

of drilled steel piles are high but it requires control. The straightness of the pile is 

measured by an inclinometer and the tip resistance is controlled by stress wave 

measurements. With the use of the measured parameters the bearing capacity is 

calculated. Drilling of piles yields straighter piles compared to driven piles 

(Bredenberg, et al., 2010). Load test can be performed on the installed piles to 

ensure the bearing capacity in demanding projects (Finnish Road Administration, 

2003).  

Boulders and other obstacles is a limitation if driven piles are installed but it is not 

a problem for drilled steel piles. Larger boulders are common in the Scandinavian 

countries due to the glacial period. There are obstacles, which are hard to drill 

through for the DTH-hammers; wood and steel causes big problems in pile 

drilling (Bredenberg, 2000). The accuracy of drilled steel piles is high which makes 

it possible to place columns right on top of drilled piles (Bredenberg, et al., 2010). 

Steel piles have limitations, which need to be considered during the design phase. 

The moment capacity of steel piles are low, high lateral loads on the piles is 

unsuitable for drilled steel piles. If the ground condition result in high degree of 

corrosion, other alternatives need to be considered (Bredenberg, et al., 2010).  

 

 

Rotary drilling, top hammer and down-the-hole hammer drilling are possible 

installation alternatives for drilled steel piles. Figure 9 displays the different ways 

of drilling. Due to high noise levels and vibrations from top hammers, they are 

restricted in urban projects (Bredenberg, et al., 2010). Hammers can be powered 

either pneumatically or hydraulically.  The chosen medium is used to flush the drill 

cuttings up through the casing and to keep the borehole clean. The hammer is 

attached to the pilot which drills through the overburden with centric or eccentric 

systems. The pneumatic DTH-hammers system has different kinds of pilots, 

conventional and the new with reversed circulation, which is said to cause less 

disturbance on the drilled formations (Bredenberg, et al., 2010).  

Top hammers have been used in Sweden since 1873, DTH-hammers came to use 

1950. The first DTH-hammers was powered by air but in 1973 water was used to 

flush the hole. 1995 the first hammer powered and flushed with water was used 

in 1995 (Bruce, et al., 2013). 
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Rotary drilling systems does not use percussion. The drilling is performed using 

high feed force and rotation crushing or cutting the material (Driconeq, 2017). 

Both hammer systems, top and down the hole, have a percussive rotary drive 

which means a feed force and torque is applied from the drill rig. The difference 

between is where the hammer transfers its energy. With a top hammer, the 

percussive drive is active on the top of the pile and noise and vibration is generated 

above ground. The DTH system the hammer transfers the energy in the depth of 

the drilled hole. The extent of the vibration and noise is therefore limited.  

Drilling is performed eccentric or centric, and describes how the pilot is working 

down in the borehole. The hammers are powered with compressed air or 

pressurised water. Pneumatic and hydraulic drilling have different advantages and 

disadvantages (Finnish Road Administration, 2003). In DTH drilling the medium 

powering the hammer is used for flushing the drill cuttings and keeping the 

borehole open. If the drilling requires large amount of air or water to power the 

hammer the whole volume will be flushed out. For top hammers, the volume of 

flushing medium can be kept down.  

Drilling is composed of four parameters: percussion, rotation, feed force and 

flushing (Finnish Road Administration, 2003). Rotary drilling does not use neither 

percussion nor flushing, it is a suitable method for very sensitive areas with a low 

impact on the surrounding formations but it is not as efficient as DTH drilling. 

The main difference in the impact of top hammers and DTH hammers is the 

amount of flushing.   

 

In DTH-drilling the hammer works down in the borehole, transferring impact 

energy to the casing shoe and the pilot. DTH-hammers cause less noise and 

vibrations since the hammer works in the borehole. A DTH hammer can be 

powered by either air or water. Pneumatic drilling is most common in production, 

hydraulic hammers are not widely used (Finnish Road Administration, 2003). 

DTH-drilling can be performed in two ways; eccentric or concentric drilling. A 

problem for DTH-drilling is the uptake of excessive material since the medium 

which powers the hammer leaves the hammer in the borehole and works as a 

flushing medium (Bredenberg, et al., 2010). The amount and the pressure of the 

flushing medium can be higher than necessary since the primary function of the 

medium is to power the hammer.  

Figure 9. Symbolic representation between rotating casing, top 
hammer and DTH hammer (Bruce, et al., 2013). 
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The hammer is placed over the drill bit and have higher efficiency compared to 

top hammers since the energy is transferred straight onto the drill bit without the 

drill rods in between. In DTH-drilling the piles are drilled straighter and the 

penetration rate is constant with depth since the transferred energy from the 

hammer is kept constant with the hammer in the hole which means it is possible 

to drill long piles (Finnish Road Administration, 2003). 

 

DTH drilling is composed of several 

components. A drill rig applies the feed force and 

the drill operator can adjust the rotation of the 

drill string. The size of the machine depends on 

the dimension of the pile but smaller machines 

can be used in the installation compared to other 

installation methods (Bredenberg, et al., 2010).  

The drill string consists of drill rods put together 

and it applies the feed force and the rotation from 

the drill rig to the hammer. The drill rod is a 

hollow pipe, it is placed inside the casing and it 

transfers the rotation and the medium which 

powers the hammer (Finnish Road 

Administration, 2003). The hammer is powered 

hydraulically or pneumatically. If a hydraulic 

hammer is used a water pump and water is 

required (Wassara, 2017). Similarly, a pneumatic 

hammer requires a compressor. Water and air is 

both used to fuel the hammer and as flushing 

medium. The hammer is connected to what is 

called the pilot, it is the drill crown (Finnish Road 

Administration, 2003). 

The drill crown is the part of the system which 

transfers the feed force, the impact energy and 

rotation to the underlying material from the hammer. It is also referred to as the 

pilot. The drill crowns have different shapes and function depending on if it is 

used for eccentric or concentric drilling. If eccentric drilling is performed a casing 

shoe is attached to the casing. In concentric drilling, a ring bit is attached to the 

casing (Bredenberg, et al., 2010). Concentric drilling can use joints in the ring bit, 

which means the casing is not moving. An older method for concentric drilling 

the casing is rotating as well, which requires high torque from the drill rig (Finnish 

Road Administration, 2003). Drill crowns have hard buttons which crushes the 

overburden material. Most of them uses buttons which are either spherical or 

ballistic. The buttons are made from carbide-tungsten, a very hard material 

(Chiang & Elias, 2000). The buttons are shown in Figure 11. There are some 

crowns which are equipped to handle material which are harder to drill through 

as steel and timber, but it is still high risk to break the equipment (Finnish Road 

Administration, 2003).  

 

Figure 10. Drill rig ABI 
14/17 HD Sennebogen 
(ABI GmbH, 2017). 
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Figure 11. Ballistic and round carbide inserts (Robit, 2016). 

The flushing channels of the drill crown is used to transport the flushing 

medium and the drill cuttings to the gap between the casing and the drill string. It 

is important to have a good relationship between the size of the flushing channels 

and the gap dimension to avoid drill cuttings getting stuck between the drill sting 

and the casing. If an object is larger than the opening it will stay in the borehole 

until the hammer have crushed in into smaller pieces. The efficiency of the bore 

crown and the hammer is depending on finding a balance between the size of the 

drill cuttings and how many times the hammer is crushing the same material. A 

clean hole is important to maintain the efficiency and reduce the wear of the 

equipment (Atlas Copco, 2010). 

Casings where the drill string is inserted. The casings are left in the soil 

(Bredenberg, et al., 2010). Bored steel piles are not a mass displacing system, the 

volume of the installed piles needs to be removed (Holm & Olsson, 1993). The 

material is transferred to the surface in the gap between the casing and the drill 

string and is referred to as drill cuttings. After the drilling is done the hole needs 

to be cleaned before concrete is cast. It is hard to remove all particles, some drill 

cuttings will be left in the borehole (Bredenberg, 2000). The gap between the 

casing and the drill string needs to be dimensioned to efficiently transport the drill 

cuttings. The annulus area is defined as the area between the drill string and the 

casing, it is used to calculate the bailing velocity. The bailing velocity is the required 

velocity of the air to transport the drill cuttings efficiently. It is the ratio between 

the volume of medium released from the hammer and the annulus area. There is 

a recommended interval for the bailing velocity for hammers, a Terranox DTH 

hammer should have bailing velocities between 15 and 35 m/s (Atlas Copco, 

2010). The hydraulic DTH hammer from Wassara (2015) uses the following 

equation to calculate the velocity of the water through the casing.  

( 1 )  𝒗𝒃,𝒘 = 𝑸 ∗
𝟐𝟏.𝟐

𝑫𝟐−𝒅𝟐
 

Where Q is the flow of water, D the diameter of the casing and d the diameter of 

the drill rod. Wassara (2015) recommends a velocity of 0.5-2 m/s to ensure 

sufficient lift power for the drill cuttings. 

The required size of the annulus is larger for pneumatic systems for the transport 

of the drill cuttings to function (Atlas Copco, 2010). The hydraulic system requires 

a smaller dimension of the gap to maintain the speed of the water which transport 

the drill cuttings. With longer piles comes challenges of transporting the drill 

cuttings to the surface, the bearing capacity of water is higher compared to air 

(Wassara, 2017). It is important to keep the smaller annulus area in mind when 

selecting the pilot. If the flushing channels are larger than the annulus area it is a 
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risk that material gets stuck between the drill rods and the casing during drilling 

(Enkel, 2017).  

Pneumatic hammers require lubrication to function properly and decrease wear 

of the hammer. Oil is used for lubrication and it needs to of sufficient quality 

(Atlas Copco, 2010). The hydraulic hammer developed by Wassara uses water as 

lubrication (Wassara, 2017). 

 

When eccentric drilling is used for the pile installation the principle is a drill crown 

which drills a hole slightly bigger than the casing itself. Conventional eccentric 

pilots are suitable for casings with thickness up to 5-6 millimeters. Before the 

drilling starts, a casing shoe is welded to the casing. The drilling is performed with 

a pilot and a reamer. The reamer moves 

from side to side in the hole making room 

for the casing, including the extra space 

for the joints of the casing. The pilot 

reams the hole and the impact energy 

from the hammer is transferred to the 

casing shoe which pulls the casing down 

the borehole (Bredenberg, et al., 2010). 

When the casing has reached its target 

depth the pilot is reversed and folded.  

The drill crown is extracted through the 

casing and can be reused. If drilling in the 

bedrock is required for the construction a 

rock drill is inserted and drilling is 

continuing through the casing (Finnish 

Road Administration, 2003).  

 

A new form of drilling has been developed and it uses wings on the pilot. The 

pilot is put into the casing, it unfolds and drills a hole bigger than the casing itself. 

The system uses more wings for larger diameters of the pile, the number of wings 

are three to six. The systems can drill large diameters, as large as 1220 mm. It is 

not for sites with boulders in the ground (Robit, 2016). If the pilot wears out it is 

not convenient but possible to extract it and replace it. Problems can occur 

concerning the folding and extraction of the drill crown. Sometimes it is advised 

to beat down the piles after drilling to prevent the piles from moving down in the 

cavity from the wings (Enkel, 2017). 

Figure 12. Eccentric drilling 
(Bredenberg, 2000). 
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In concentric drilling, the hammer 

transfers the energy to the ring bit. 

The ring bit is welded to the casing 

and will be left in the ground after 

the pile is installed. There are two 

ways of drilling concentric, with the 

casing rotation or just the ring bit 

rotating. It requires significantly 

more torque to rotate the whole 

casing, the most used common way 

to drill is to use a rotating ring bit. 

Concentric drilling yields straighter 

holes and better ability to penetrate the subsurface, especially in blocky soil 

(Bredenberg, et al., 2010). Since the ring crown drills a hole larger than the casing 

excess uptake of material is unavoidable but it is the case for wing systems and 

eccentric systems as well. Some ground condition will result in larger uptake of 

excessive material with concentric drilling and the cost of the ring crown is 

substantial since one is left in the ground for each pile (Bredenberg, et al., 2014).  

When the ring bit is the only part rotating, a rotary joint is used. When the casing 

reaches final depth the ring bit is left. During the drill bit is attached to the ring 

bit and after completion the pilot is unlocked and extracted. The ring bit is used 

to drill the hole bigger than the casing. The hole needs to be big enough to fit the 

joints of the pile. The pilot drives the casing down (Finnish Road Administration, 

2003). The ring bit can get worn out if long piles are drilled. If the ring bit loses 

its functionality the drilling cannot proceed and the pile will be drilled in waste, it 

is a reason to use wing drive instead. If the wings are worn out they can be 

extracted and replaced, in other words the pile needs to be rejected (Enkel, 2017). 

Figure 13. Centric drilling pilot (Bredenberg, 2000). 

Figure 14. Drill bit and ring bit (Atlas 
Copco, 2017). 
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Another form of recently developed pneumatic drilling is a form of concentric 

drilling called reversed circulation. The Elemex system from Atlas Copco uses a 

reversed circulation at the pilot bit to decrease the installations effects from 

pneumatic drilling. The air is not flushed straight into the formation but at the 

wall of the ring bit using flushing channels. The aim of the system is to reduce the 

volume of air escaping into the soil and reduce the risk of overdrilling (Atlas 

Copco, 2017). 

A field study has compared the drilling 

induced settlements from a conventional 

DTH-pilot and an Elemex pilot. The pile 

installation was conducted in the same 

neighbourhood, the ground condition is 

assumed to be the same. The settlements from 

the conventional DTH-pilot was significantly 

larger compared to the settlements from the 

Elemex pilot (Bredenberg, et al., 2014). 

The reversed circulation system is more 

expensive compared to a similar conventional 

system. The reversed circulation is only used 

when there are demands on gentle drilling. 

Today, the reversed circulation system is 15% 

of the sales for Atlas Copco (Cowan, 2017).  

 

Pneumatic drilling uses compressed air to power the hammer. Air is also used to 

flush the bore hole and transport the drill cuttings. The drill rig provides feed 

force and rotation and the compressed air drives the hammer down the hole. The 

air is flushed straight out into the formation if a conventional pilot is used 

(Bredenberg, et al., 2014). The compressed air is transported down the hole 

through the drill rod to the hammer. In the hammer, the air moves the piston, the 

energy is turned to kinetic energy. The piston moves down and hits the drill bit 

Figure 15. Symmetrix and Elemex pilots (Atlas Copco, 2017). 

Figure 16. Flushing of Elemex 
pilot (Atlas Copco, 2017). 
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which uses the hard buttons abrasive force to remove the soil. The drill bit is also 

under the impact from the rotation and the feed force applied from the drill rig 

(Chiang & Elias, 2000). The compressed air is transported down to the hammer 

where it enters the check valve. The air travels through the control tube and to 

the lower chamber. The pressure builds up and causes the piston to move 

upwards. The piston moves upwards until the piston pulls off the foot valve and 

the releases the air through the drill bit. Here the cycle of the hammer restarts and 

air can flow into the check valve. Pneumatic hammers only have one moving part 

in the hammer and that is the piston (Pneumec, 2008).  

The pneumatic hammer requires a compressor which can provide the sufficient 

amount of pressurized air. Larger hammers require higher pressure and larger 

amounts of air in operation. A larger hammer requires higher pressure to reach 

the same frequency as a smaller hammer. Pneumatic hammer requires more air if 

it works at a higher frequency. For the Terranox hammers the air consumption 

reaches 800 liters per minute for the larger dimension and at most at 24 bars 

pressure (Atlas Copco, 2010).  The compressible nature of air makes it is hard to 

control the pressure of air during drilling. Changes in the frequency occur which 

is a problem if DTH-hammers is used for geotechnical investigations (Brattberg, 

2017). The compressed air expands after leaving the hammer, the volume of air 

at atmospheric pressure for the same size of hammer will yield a volume hundred 

times greater compared to the volume of water (Wassara, 2017).  

In hydraulic drilling two parts of the hammer is moving; the piston, as in the 

pneumatic case, and the valve. Hydraulic hammers and pneumatic hammers have 

similar function but the difference is the medium used to power the hammer. The 

difference between water and air as a medium is the incompressibility of the water. 

It results in the same pressure created with air requires larger quantities compared 

to water. The volume of water is independent of the demanded pressure and the 

volume stays the same during the whole procedure. 

Figure 17. Symbolic representation of pneumatic and 
hydraulic drilling (Wassara, 2017). 
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Table 1. Water consumption and operating pressure of Wassara hammers (Wassara, 2017). 

 

A water driven hammer produces a higher frequency of the hammer since the it 

is possible to achieve a higher pressure in the medium. The pressure of the water 

is higher compared to the compressed air which puts demands on the equipment. 

The table shows the operating pressure and the water consumption in different 

sizes of water driven hammers (Wassara, 2017). A water driven hammer provides 

a more even frequency (Brattberg, 2017) 

Using water as medium results in not having to use lubricant since the water works 

as a lubricant. Thus, is the water, air and soil in the drilling area affected by any oil 

spillage (Wassara, 2015).  

Water driven drilling need a high-pressure pump to provide the hammer with 

sufficient amounts of pressurised water. The water is transported through a hose 

to the rig. The hose is connected to the swivel. The swivel is connected to the drill 

rod. The equipment needs to be adjusted to water driven drilling since the high 

pressures is demanding (Wassara, 2017).  

Figure 18. Set up of Wassara drilling system (Wassara, 2017). 
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After the pressurised water is 

transported through the drill rods the 

valve of the hammer is opened. The 

piston moves back from its last strike 

and takes striking position again. The 

valve closes and the pressure forces the 

piston to strike again. The piston hits 

the drill bit and thus is the energy from 

the hammer transferred. The water 

from the hammer escapes the hammer. 

The pressure of the water is lost and the 

velocity of the water is low. This 

procedure is repeated at a high 

frequency (Wassara, 2017).  

Hydraulic hammers use smaller 

volumes of flushing medium compared 

to water but depending on the project 

and the construction site the water 

might have to be collected. The drill 

cuttings are collected in sedimentation 

tanks where the flushed material settles.  

Even if the amount of water is 

considerably smaller than the required 

amount of air during drilling problems 

can occur in obtaining sufficient 

amounts of water for drilling (Enkel, 

2017). 

Figure 19. A Wassara hammer (Wassara, 2017). 

Figure 20. A cycle of a water 
driven hammer (Wassara, 2017). 
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Soil is a material consisting of components in three 

phases: solid, liquid and gas. The solid phase is the 

soil skeleton and it consist of minerals from 

weathered rock or decomposed organic material. 

The liquid and the gas phase consists of water and 

air, which fills the voids in the soil (Larsson, 2008). 

The composition, the structure and the shape of 

the soil grains influence the behaviour of the soil. 

(Nova, 2010). The characteristics of the soil 

material depends on the size of the grains and the 

distribution of grain dimensions in the material as 

well as the deposition of the grains (Larsson, 2008). 

The Swedish soil conditions are formed under the last glacial period. The varying 

ways of deposition have formed the ground (SGU, 2017). Glacial deposition 

includes unsorted materials deposited directly from the ice, sediments deposited 

in ponds and rivers forming ridges, drop stones, overconsolidated clays or sorted 

materials from melt material (Olofsson & Fernlund, 2013). Ridges consists of 

gravel and sand, and some larger stones which have been transported in ice rivers. 

The transportation has given the grains rounded shape. The grain sizes are sorted 

if compared to moraine (SGU, 2017). 

Soil is classified after the size of the grains for engineering purposes (Nova, 2010). 

Clays have the smallest diameter, less than 0.002 millimetres. Silt is defined as a 

diameter between 0.002 and 0.06 millimetres. Sand and gravel have a diameter 

between 0.06 and 60 millimetres, where the sand fraction is no larger than 2 

millimetres (SGI, 2016). 

Different systems for classification of soil is used for different kinds of soil. 

Mineral soils are classified after the size of the grains and the distribution of grain 

sizes. For soils with large grains, the material is classified after the density as well, 

which is a measure of the stiffness. Fine materials are classified after their 

sensitivity and the undrained sheer strength. Clays are classified after the texture, 

it relates to the mechanical properties of the material. Sensitivity describes the 

relationship between the shear strength in disturbed and undisturbed soil.  Soft 

soils are also classified after the overconsolidation ratio, the OCR. The 

overconsolidation ratio relates to the compression properties and the strength of 

the soil (Larsson, 2008).  

A distinction is made between organic soils and mineral soil. In frictional soils, 

the strength consists of the frictional forces between the grains. The water content 

has high impact on the strength, since the water pressure affects the frictional 

forces. Under the ground water level, the strength of the soil decreases. In 

cohesion soils, the strength is created from the frictional forces and molecular 

attraction. Cohesion soils are clays or friction soils containing silt (SGI, 2016). 

Figure 21. Soil 
particles and voids 
(Nova, 2010). 
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The ground condition, the ground water level and the geotechnical properties of 

the soils needs to be assessed before drilling to evaluate the risk of installation 

effects and to choose suitable drilling equipment. Ram soundings and CPT are 

used to investigate the drivability and the presence of fine sand and silt. Soil and 

rock sounding are used to investigate the bearing capacity and the quality of the 

bearing layers (Bredenberg, et al., 2010).  

 

Ram sounding is a dynamic soil investigation. The method is used to investigate 

to which level a pile with tip resistance will stop when driven into the ground. The 

investigation is mostly used for prefabricated tip resisting concrete piles. A drop 

hammer is used to drive a cone down, the amount of percussions for a decided 

length is determined. The results can be correlated to soil strength parameters and 

deformation properties in friction soils and moraine where other methods are 

unsuitable (SGF, 2013).  

Cone Penetration Test, CPT, is used to investigate the stratigraphy of the ground. 

In CTPu the pore pressure is measured at the same time. CPT and CPTU is 

suitable for soils without obstructing objects and grain size up to gravel. The cone 

penetrates the subsurface without any rotation or percussion (SGF, 2017). The 

method can be used in both friction and cohesion materials. The aim of the 

investigation beyond the stratigraphy is knowledge of the characteristics and 

firmness of the soil. The test is performed by pressing a tip at constant rate. The 

pressure at the tip and the skin friction is logged continuously during the test and 

correlated to soil parameters (SGF, 2013).   

Total sounding is used to find the depth to bedrock but can also be used to find 

strength and deformation properties of the soil. It can also be used to investigate 

if there are loose layers in friction soils. The method is efficient in glacial material 

as ridge material in combination with CPT (SGF, 2013). 

Measurement while drilling (MWD) is used in soil-rock sounding. Soil-rock 

sounding is performed to retrieve information about the rock and soil formations. 

The drilling parameter, which are measured during drilling, are correlated to the 

properties of the formation (SGF, 2012). The mandatory parameters to retrieve 

for a soil and rock total sounding is depth, drill resistance, rate of penetration, 

down thrust, standby hammer pressure, rotational force and rotational speed 

(SGF, 2012). The rate of penetration describes at which speed the pile is 

penetrating the formation (SGF, 2012). Down-thrust is defined as the feed force 

on the drill string. Standby hammer pressure is the pressure in the rig during 

standby (Riechers, 2012). Force input is representing the torque, which is applied 

from the drilling rig and it is connected to the hydraulic pressure from the rig 

(SGF, 2012). Optional parameters is the pressure of drilling fluid and flow of 

drilling fluid. Drilling fluid pressure is the pressure of the media used to power 

the hammer, measured at the machine. The flow of drilling fluid is measured in 

litres per minute and describes the flow of the flushing medium for water, 

https://en.wikipedia.org/wiki/Stratigraphy
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described as the amount that is feed through the crown. For Jb-total sounding 

water should be used as flushing fluid, but under certain conditions air is allowed 

(SGF, 2013).  

 

In geotechnical engineering, the ground water level is an important parameter in 

the design process. The ground water level affects the bearing capacity and 

stability to a high degree. Connected to pile drilling the influenced parameters by 

the ground water level are settlements and drainage, which can lead to disturbing 

effects for nearby structures (Swedish road Administration, 1990).  

The ground water level is affected by infiltrated precipitation, both the amount 

and the infiltration capacity. The ground water level in one area is the result of the 

local ground condition, the geological and hydrogeological conditions and the 

topography. The water in the ground is divided by the ground water level; the 

zone above is unsaturated and the zone below is saturated. The unsaturated zone 

is also called the vadose zone (Swedish road Administration, 1990). Under the 

ground water table, the soil is assumed to be fully saturated. Soil is a permeable 

material and even if it is said to be fully saturated under the water table air occurs 

in some of the voids (Craig, 1992).  

The phreatic surface is another word for the ground water level, it is defined as 

the point where the pore pressure is the same as the atmospheric pressure. The 

atmospheric pressure in Sweden on sea level is said to be in the order of 100 kPa, 

but it varies with the height above sea level from where it is measured. The 

atmospheric pressure varies around the globe from elevation, temperature and the 

earth rotation (SMHI, 2017). 

The unsaturated or vadose zone consists of different parts. The first layer is the 

root zone where water is infiltrated; most vegetation uses the water in this zone. 

Figure 22. Water in the ground (BGS , 2017). 



20 

 

The water, which is not used by the vegetation, percolates down towards the 

ground water table. The capillary fringe is located above the ground water table 

and the water in the zone rises from capillary action. The pore water pressure is 

negative in the zone where the soil is not fully saturated (Swedish Transport 

Administration, 1990). 

If a soil layer is separated from the ground water layer by an impermeable layer 

the pore water pressure will be higher if the pore water pressure is measured. It is 

called artesian conditions and is defined by higher pore water pressure than the 

ground water level. It can occur when water is flowing to the impermeable layer. 

The layer with streaming water usually consists of fine sediments and have high 

hydraulic conductivity; the layer above that is impermeable is separating the layer 

from the atmospheric pressure (Swedish Transport Administration, 1990).  

The pore pressure in the soil is important in geotechnical engineering since it is 

one of the parameters in the effective stress theory. The distribution of the pore 

pressure in the soil is it affected by many parameters and of which some vary in 

time. The pore pressure is affected by the amount of rainfall, the topography and 

the properties of the soil. Human activities also affect the pore water pressure as 

pumping of wells or drainage, which is connected to pile installation (Swedish 

Transport Administration, 1990).  

There are different pore pressure distributions. One occurring in nature is the 

hydrostatic pore pressure where the pore pressure is only affected by the self-

weight of the water. The atmospheric pressure has the same affect over the soil 

profile and has therefore no significant on the pore pressure distribution. The 

hydrostatic pore pressure is a linear function of the water weight. Hydrostatic 

distribution of pore water pressure cannot occur when there is no ground water 

flow, it occurs in both friction and cohesive materials (Swedish Transport 

Administration, 1990).  

Since water in incompressible an increase in normal pressure can be taken by the 

pore water, the water in the voids, with an increase of the pressure. In saturated 

soil, a volume reduction can only take place if the pore water can dissipate (Craig, 

Figure 23. Artesian condition (Canada, 2013). 
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1992). During rapid stress changes in the soil the pore water pressure changes. 

The size of the pore pressure changes depends on the permeability and the 

compression properties in the soil (Larsson, 2008).  

 

The principle of effective stress is important in geotechnical engineering. The 

effective stress, σ',  governs the mechanical behaviour of soil (Nova, 2010). The 

effective stress is given by the difference between the total stress, σ, and the pore 

water pressure. The pore water pressure, u, takes part of the load. The effective 

stress represents the stress on the soil skeleton (Das & Sobhan, 2010).  

The principle of effective stress has important applications connected to pile 

drilling. It can result in an increase of the pore water pressure, short or long term 

depending on the permeability of the soil. The effective stress is decreased during 

installation if the pore water pressure increases (Ahlund & Ögren, 2016). The 

effective stress can be increased by drainage due to pile installation, with a lowered 

pore water pressure (Lande & Karlsrud, 2015).  

 

The permeability depends on the size of the 

grains and the distribution of grain sizes in the 

soil. The permeability is decreasing with smaller 

grain size in general. A small amount of fine 

graded particles can cause a large decrease in 

permeability by filling out the voids in the soil. 

The permeability also affects the structure of 

the soil, the shape of the grains and the 

distribution of the particle sizes in the soil 

(Craig, 1992). Permeability is also affected by 

the viscosity of fluids and the degree of 

saturation (Das & Sobhan, 2010). Clay minerals 

are small and therefor having very low 

permeability. The clay minerals are structured 

in horizontal planes, which causes a lower 

permeability in the vertical direction. The 

permeability increases in clay if the clay has 

fissures (Craig, 1992). It is important to 

consider when drilling since drainage can 

occur through the fissures and can possibly 

cause drainage 

The permeability is an important parameter in 

the design phase since it determines if the 

formation is modelled as drained or 

undrained when calculating the stability. The 

permeability is also important to consider 

when estimating the effects of infiltration and changes in the ground water level 

(Larsson, 2008). Permeability is an important parameter in pile drilling. In 

Figure 24. Permeability in 
single graded soil and soil 
with multiple grain sizes 
(Larsson, 2008). 

Figure 25. Permeability in size 
fractions (Larsson, 2008). 
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hydraulic drilling, the permeability determines how fast the water will dissipate. 

In pneumatic drilling, the permeability will affect how the air will evacuate the 

soil formation. In the permeability is low air can arise hundreds of meters away 

from the location of the drilling. If the permeability is low, air can seep upwards 

during drilling through the formation.  

The flow rate of the soil is connected to the permeability of the soil. Darcy’s law 

is used to estimate the velocity of water flowing through saturated flow. The 

hydraulic gradient, i, is the ratio between the diffrence in height and length. The 

flow rate, v, describes the velocity of the fluid and the permeability is given by k 

(Das & Sobhan, 2010).  

( 2 )  𝑣 = 𝑘𝑖 

The permeability and the flow rate of the soil might be different in different 

directions. This is seen in clay where the permeability is higher in the horizontal 

plane compared to the vertical. This comes from the properties of clay minerals 

and the deposition of clays. Impermeable layers in clays have high impact on the 

vertical flow rate. The degree of saturation influences the permeability for non-

single graded soil, it is lower if the soil is unsaturated (Larsson, 2008). 

The water will flow between points if one of them have higher energy. Bernoulli’s 

equation is used to calculate the enery in one point. It is composed of the pore 

water pressure , the velocity and the elevation head, z. The velocity in soil seepage 

is neglected since it is very low which gives the modified equation for total head. 

(Das & Sobhan, 2010). Changes in the energy in one point from drilling will affect 

the way the water moves in the soil.  

( 3 )  ℎ =
𝑢𝑤

𝛾𝑤
+ 𝑧 

 

DRAINED AND UNDRAINED SOIL BEHAVIOUR 

Soil consists of hard minerals that will not be compressed under load. The volume 

change will occur in changes in the void space. The pore water pressure increases 

when the soil is subjected to a load. In coarse-grained soil, a stress increase will 

increase the pore water pressure but due to the high permeability of the material, 

it will instantly drain. Fine graded soils have lower permeability, the response to 

the load will be undrained. Settlements in fine graded soil can occur under long 

time (Nova, 2010). Drained behaviour in soil occurs when the load is applied at a 

rate where the pore water can dissipate. The rate at which this can occur depends 

on the permeability of the soil. There is no build-up of excess pore water pressure 

and the soil skeleton takes all the load changes. Undrained behaviour on the other 

hand occurs when the permeability is low or load is applied at a fast rate, which 

yields a build-up of excess pore water pressure (Pisano, 2016).  

The stability if the foundation needs to be assessed both with drained and 

undrained analysis. In soils with low permeability, such as clay and silts and in 

areas where the possibility of drainage is limited due to boundary constrictions. 
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An undrained analysis is also necessary for sandy sites under dynamic loading. 

Excess pore water pressure can be either compressive or tensile. If it is 

compressive, water will dissipate and consolidation occur. If water is flowing in at 

the same time, the consolidation is delayed. If the excess pore water pressure is 

tensile, it will result in swelling. The response of the changes in the pore water 

pressure also depends on if the soil has a dilative or contractive behaviour under 

shear loading (Pisano, 2016). Under drained circumstances, a dense sand will dilate 

whereas a loose sand will contract. The shearing resistance depends on the 

interparticle friction. Undrained shearing in soil prevents volume change, dilative 

and contractive. In dense sands, it yields a strength increase but in loose sands, it 

results in a strength decrease (Hicks, 2016). 

There are different reasons behind settlements in soil and different types of 

settlements in soil. In general terms, a settlement is the soil response of a stress 

increase (Das & Sobhan, 2010). Soil compaction occurs when the soils is 

compacted by an external force and the air in the voids leaves the soil. The volume 

of water remains unchanged and the total volume is reduced when the soil 

particles are packed closer (Craig, 1992).  

The settlements can be connected to different parts of the soil: the soil particles 

or the voids. The soil particles can be deformed or relocated. The void spaces can 

be decreased with the relocation of soil particles or by discharging air and water 

from the voids. The total settlement is the sum of elastic, primary and secondary 

consolidation settlements (Das & Sobhan, 2010).   

Elastic settlement is also called immediate settlement since it occurs instantly after 

the load is applied. It is different from consolidation settlements since there is no 

change in the moisture content of the soil. Since the settlement is elastic the soil 

will regress to its original state. In cohesive soils, the elastic settlements are smaller 

compared to the consolidation settlements. In cohesionless materials, the 

modulus of elasticity increases with depth which means the settlements decreases 

with depth (Das & Sobhan, 2010).  

The geological history of the soil affects the current behaviour of the soil. The 

overconsolidation ratio is the ratio between the highest stress the soil has been 

subjected to, and the current vertical effective stress, 𝜎𝑜
′ , in the soil.  (Das & 

Sobhan, 2010). The preconsolidation stress, 𝜎𝑐
′ is the highest stress the soil has 

experienced and if is exposed in higher stress it will yield plastic deformations. 

The overconsolidation ratio relates to the compression properties and the strength 

of the soil (Larsson, 2008).  

( 4 )  𝑂𝐶𝑅 =
𝜎𝑐
′

𝜎𝑜
′  

If the current effective vertical pressure is in the same order and the pore water 

pressure is increased, the soil starts to consolidate and the primary settlement is 

under its way (Larsson, 2008). In normal consolidated soil, 𝜎𝑜
′  is in the same 

magnitude as 𝜎𝑐
′.  The current level of stress in the soil is the highest stress the 

soil been subjected to. In overconsolidated soil, 𝜎𝑜
′  is higher than 𝜎𝑐

′ (Das & 

Sobhan, 2010). Stresses below 𝜎𝑐
′ results in small and elastic settlements. When 
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the stress in the soil is close to 𝜎𝑐
′ the amount of creep settlements increase rapidly. 

If the soil is subjected to stresses above 𝜎𝑐
′, the settlements are larger and of plastic 

nature which is the case for under and normally consolidated soils (Larsson, 2008).  

Consolidation is the result of water dissipation in soil. When the soil is subjected 

to a load the pore water pressure increases. In soils with high hydraulic 

conductivity the water is drained instantly and the primary consolidation 

settlement takes place at the same time as the elastic settlement. In soils with low 

hydraulic conductivity, as clayey soils, the water drainage is a slow process. The 

consolidation is time dependent and depends on the length of the drainage path, 

compressibility, initial void ratio and hydraulic conductivity. The primary 

consolidation is a volume change due to draining of pore water (Das & Sobhan, 

2010). 

The secondary consolidation takes place after the primary consolidation. The 

process of secondary consolidation is not a volume decrease from water 

dissipation but adjustment of the soil fabric. Secondary consolidation settlements 

are also called creep settlements and takes place under constant effective stress. 

The creep settlements are larger in normally consolidated soils compared to 

overconsolidated clays (Ameratunga, et al., 2016).  

 

 

Foundation works impacts many different aspects during construction. It is 

important to prevent damage and injuries from construction on the constructions 

workers, the public and existing structures. Inconveniences from foundation 

works include noise and vibration from transport and equipment. Vibration can 

harm adjacent structures (SGI, 2015). It is also a cause of settlements in friction 

materials (Finnish Road Administration, 2003).  

Drilling can cause lowering of the ground water level, which can affect the current 

foundations; especially tree piles, which rotten in contact with air. A lowered 

ground water level will also result in settlements in clayey materials, which is 

common in urban areas (SGI, 2015). Pile drilling can result in disturbance on the 

surroundings during the installation phase and after the construction is completed 

(Langford, et al., 2015). 

Drilling of steel piles causes less damage compared to other installation methods, 

but it still disturbs the soil formations and the surroundings (Bredenberg, et al., 

2010). The impact of the surroundings is controlled by measuring the ground 

water level, movements in the soil formations and vibration levels (SGI, 2015). 

The Norwegian ‘Damage Limitation’ project has identified three main effects, 

which occur in drilling and results in unwanted installation effects. The first is the 

changes in the pore water pressure and the groundwater level. The second is the 

reconsolidation effect or remoulding of disturbed clay and the last concerns 

suction and flushing of masses (Veslegard, et al., 2015). 
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Geotechnical investigations need to be undertaken to assess the risk of installation 

effects. The ground condition affects the extent and size of the installation effects. 

The geotechnical investigation will provide information to select the right 

equipment for drilling. The investigation will also provide information about 

obstacles as wires, pipes and old construction elements (Bredenberg, et al., 2010) 

 

The installation of steel piles causes vibrations in the ground. The vibration comes 

from the drilling rig. The vibration levels near the drilling rig is at most 2.5 mm/s 

(Bredenberg, et al., 2010). There is limited research but pile drilling has similarities 

with impact drilling, which have been investigated more. One study compared the 

generated ground vibrations from a vibrated sheet pile and a drilled pile wall. The 

vibrations induced by the drilled pile wall was smaller.  (Loven & Daniels, 2014).  

Measurements of settlements caused by vibrations from a RD-pile wall have been 

performed in Finland. The results show impact on distances half the length of the 

piles. The effects from the drilling were still smaller compared to the driven pile 

wall (Bredenberg, et al., 2014).  

Friction soils exposed to vibration settles more than cohesive soils. Vibrations in 

the ground can lead to compaction of friction soils. If the friction soil is single-

graded, the risk of settlements is higher than in a soil with multiple grain sizes. 

There is also a risk of settlements in frictional soils where a fine graded soil is 

overlaying a coarser soil. The smaller particles move down into the coarse material 

because of the vibrations (Holm & Olsson, 1993). 

 

Drilled steel piles compared to driven steel piles are not categorised as mass 

displacing. The volume of the soil, which is replaced by the casing, is transported 

to the surface with the flushing medium. The theoretical volume is defined as the 

volume of the casing (Bredenberg, et al., 2010). During drilling, the drill cuttings 

need to be transported up to the ground level. In hydraulic drilling water is 

transporting the drill cutting to the surface with a flow created from the hammer 

and it works as a Jet-lift (Wassara, 2017). In pneumatic drilling, the cuttings are 

transported with air. Since the lift power from air is lower compared to water, the 

air needs to have higher speed (Atlas Copco, 2010).  

Over-drilling is a problem in DTH-drilling. Over-drilling means a larger volume 

is removed during drilling compared to the theoretical volume. It is referred to as 

the airlift effect (Bredenberg, et al., 2010). The theory behind it is called the 

Venturi effect; it is explained by Bernoulli’s equation. The risk of over-drilling is 

high in fine-grained friction materials under the ground water table. When the 

material is removed, settlements occur. The competence of the drill operator is a 

key factor for avoiding problems (Bredenberg, et al., 2010). Another field study 

conducted mention the possibility of removing ten times as much material as the 

theoretical volume if the drilling was performed carelessly in a fine-grained soil 

under the ground water level (Bredenberg, et al., 2014). 

The bearing capacity of the pile is decreased if excessive material is removed 

during installation (Finnish Road Administration, 2003). The uptake of excessive 
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material can result in local settlements around the pile, which creates a decrease 

in horizontal stress and potentially moving soil masses. This is a rather big 

problem since there often are many piles drilled in the same area.  

The Venturi effect 

The Venturi effect is used to explain some of the installation effects in pile drilling. 

The Venturi effect is described by Bernoulli’s equation (Bredenberg, et al., 2014). 

Where p is the static pressure, ρ the density of the fluid, g the gravitational 

acceleration, u the flow rate of the fluid and z the height over the reference plane.  

( 5 )  
𝑝

𝜌∗𝑔
+

𝑢2

2∗𝑔
+ 𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

According to Bernoulli’s equation the sum of the components must remain 

constant. When the speed is increased inside the casing, there is a difference in 

the sum of the components compared to the outside of the casing. Outside of the 

casing, the water is stagnant if the drilling is performed under the ground water 

level. It results in a decrease in the pore water pressure at the tip of the pile, which 

causes water to stream towards the tip of the casing.  

The water erodes the soil formation and causes an excessive uptake of material, 

which results in cavities along and around the casing. 

The risk of erosion and uptake of excessive material is higher in permeable soils, 

especially fine graded (Veslegard, et al., 2015). If the drilling is not carefully 

performed overdrilling is likely to occur in fine soils under the ground water level 

leading to excess uptake of material and corresponding settlements (Bredenberg, 

2000). Silt is a very fine material and is pointed out as a troublesome material 

concerning drilling. It is prone to excessive uptake (Bredenberg, et al., 2010). 

 

It is important to be aware of artesian groundwater conditions at the work site 

since piling through it can result in groundwater escaping at ground level 

(Bredenberg, et al., 2010). During the pile installation, the amount of water used 

to power the hammer and to flush the borehole should correspond to the amount 

Figure 26. Lifting of 
drill cuttings in 
casings (Bredenberg 
et al., 2014). 
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of water leaving the borehole with the drill cuttings (Finnish Road Administration, 

2003). If large amount of water is removed, the groundwater level can be lowered, 

settlements can occur in deeper lying layers. 

During drilling the Venturi effect causes a local decrease of the pore water 

pressure (Bredenberg, et al., 2014). The ‘Damage Limitation’ project found short 

term pore water pressure decrease from pneumatic drilling if the piles are drilled 

through permeable friction soil masses such as a moraine layer and then into 

bedrock. The pore water pressure is considerably large and has a large extent but 

since they occur in the moraine layer it does not raise stability concern and does 

not yield settlements of significant size. However, the decrease of pore water 

pressure is a result of water streaming to the tip of the pile and it is an effect of 

the Venturi effect. The Venturi effect is probably a bigger problem than the pore 

water pressure decrease itself (Veslegard, et al., 2015).  

The long-term effects concerning pore water pressure and the ground water level 

concerns the draining effect the piles have in cohesive materials. When piles are 

drilled through clay, which in itself is impermeable, the hydraulic conductivity is 

very low compared to friction materials the clay will be remoulded and disturbed 

during drilling. The disturbed zone around the pile will work as a drainage path 

for a long time which can result in consolidation settlements. If the drainage 

continues over a long time the ground water level could be lowered (Veslegard, et 

al., 2015). Both up along and inside the casing drainage can occur.  

The zone around the casing is called the disturbed zone and it affected by the 

drilling operations. The disturbance of the clay causes it to remould. When the 

pore water dissipates, the clay will consolidate and settlements occur (Veslegard, 

et al., 2015). The one of influence have been investigated in a field study where 

water driven DTH drilling was performed. The zone of influence was 

approximately half a meter. The rearrangement of the soil was explained by the 

vibrations from the drill string and the amount of flushing medium and the 

pressure in the formation before drilling (Riechers, 2012). 

Figure 27. Tie-
back anchors and 
piles working as 
drainage paths 
(Veslegard, et al., 
2015). 
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The risk of pore pressure build-up is assessed after the geotechnical investigation 

(Bredenberg, et al., 2010). The risk of pore pressure builds up is low under drained 

condition, the permeability of the soil have great impact of the drainage behaviour 

(Larsson, 2008). The risk of pore pressure builds up is higher in fine-grained soils. 

When the pore pressure is increased, the effective stress is reduced. If the soil is 

over-consolidated, the strength will partly return. It is important to choose a 

suitable drilling method before the piling is performed (Finnish Road 

Administration, 2003).  

Pile drilling can cause increase in the pore water pressure (Finnish Road 

Administration, 2003). During a field study, an attempt to collect the drill cuttings. 

The measurements showed a smaller amount of material compared to the 

theoretical volume indicating some of the soil is displaced in the formation. 

(Ahlund & Ögren, 2016). Another field study conducted on tie-back anchors 

showed the largest pore water pressure increase from the drilling method which 

resulted in the least volume of drill cuttings (Lande & Karlsrud, 2015).  

The field study conducted by Ahlund and Ögren (2016) also showed a trend of 

an increase in the pore pressure for each installed pile, mainly in pneumatic 

drilling. The pore water pressure was measured during installation of two groups 

of piles. One group was installed with hydraulic drilling and the other with 

pneumatic drilling. There was a significantly larger increase in the pore water 

pressure from the pneumatic drilling (Ahlund & Ögren, 2016).  

During installation, a skilled operator who can use the right pressure will limit the 

pore pressure increase. Piling can be performed periodically for the excess pore 

pressure to dissipate (Finnish Road Administration, 2003). The feed force must 

be lower than the pressure in the borehole to keep the hole open during drilling. 

If the flushing channels are blocked the drilling cannot proceed. Silt can for 

example escape into the hammer and lead to a pressure lost. If the pressure cannot 

build up in the hammer, it leads to lost force of the percussion. The hammer 

frequency is high and the percussion low, in other words, the pilot is not 

penetrating the formation. In those cases, the operator needs to clean the flushing 

channels by putting on maximum flushing pressure (Finnish Road 

Administration, 2003). This kind of problems causes release of large volumes of 

the flushing agent into the formation.  

The pressurised air, which is used in pneumatic drilling, is flushed straight out into 

the soil formation. Since the air is pressurised, it will expand after being released 

into the soil. The air will try to find the easiest way out which is not always the 

casing. Air, water and eroded material can emerge outside the casing and even 

from previously installed piles. Under some circumstances, channels can be 

created in the ground where eroded material, air and water where the resistance is 

lower and large volumes around the piles are displaced without an excessive 

uptake of material (Veslegard, et al., 2015). 
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Cyclic loading occurs when a stress is repeated on a material. The loads are 

repeated with different frequency and amplitude (Pisano, 2016). DTH drilling 

consists of feed force, percussion, rotation and flushing which all can be changed 

in magnitude during drilling.  

The behaviour under cyclic loading is depending on the drainage. Cyclic loading 

under drained conditions results in re-arrangement of the soil particles and volume 

reduction. In undrained soils, cyclic loading results in excess pore pressure and a 

decrease in shear strength. In drained conditions, the grains will be restructured 

and a volume decrease occur (Pisano, 2016). Liquefaction occurs when the pore 

pressure is increased and the effective stress is decreased to a state where the soil 

goes from a solid to a liquid state. It is a result of the loss of shear resistance in 

the soil (Rauch, 1997). Liquefaction is more prone to occur in low permeability 

granular soils, such as silty sand (Pisano, 2016).  

 

 

The settlement screw is installed at the same depth as the piezometers to correlate 

the pore water pressure changes with the settlements. Settlement screws can be 

installed in layers where the settlements are of interest. For example, a field study 

installed the settlement screws in the friction layer below the cohesive layer to 

monitor settlements induced by the Venturi effect (Ahlund & Ögren, 2016).  The 

settlement screws are installed by a geo rig, it is screwed down to the right level. 

The screw is attached to a steel rod which measure the movement of the screw. 

The same set up can be used for settlement plates which are placed in the ground 

at suitable depth during construction in for example embankments to follow the 

settlements of underlying layers. The steel rod is measured to a reference point 

and can be measured at an interval with a total station (Roadex Network, 2014). 
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A BAT filter tip is installed in the ground to measure and 

monitor the pore water pressure. The BAT system can be 

used in both saturated and unsaturated soil. The BAT filter 

tip comes in different materials, used for different ground 

conditions. The tip is installed in the ground through a 

ground water pipe (BAT Geosystems, 2015). After 

installing the tip, a needle penetrates the membrane 

covering the water filled tip. After removing the needle, the 

membrane is sealed again. The membrane can be penetrated 

many times. The BAT system is used to measure and to log 

pore water pressure and ground water level (BAT 

Geosystems, 2015).  

2.7  
Water driven DTH drilling is a rather new technique compared to pneumatic 

DTH drilling. It is not commonly used in production and therefore information 

on the technology and the installation effects is scarce. The main differences 

between pneumatic and hydraulic drilling concerns the annulus area, the speed of 

the drill cuttings and the amount of flushing medium. The annulus area is much 

smaller in hydraulic drilling and the speed of the drill cuttings is lower. The volume 

of water released onto the soil formation is considerably smaller than the volume 

of air. It is unclear whether the installation effects occurring during pneumatic 

drilling occurs in hydraulic drilling and to which extent. Settlements, flushing of 

masses, increased pore pressure, excessive uptake of material, re-compaction and 

reconsolidation is possible unwanted installation effects from pneumatic drilling.  

Figure 28. BAT 
system (BAT 
Geosystems, 2015). 

Figure 29. BAT-tip (BAT Geosystems, 2015). 
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The field study is conducted on Sjöbergsplan, a part of the Slussen project. It is 

located at a quay opposite to the old city in Stockholm. The field test aims at 

measuring the installation effects of water driven DTH drilling. The piles are 

drilled for a RD-pile wall. The installation effects are measured by settlements and 

pore water pressure changes.  

The measurement equipment was installed May 2017. The installation of the 

measurement equipment was performed with help from ELU by geotechnical 

field technician Bo Åberg. The measurement equipment from Geomek. Artur 

Slunga, from Geometrik, installed the logging devices on the 2nd of June. The pore 

water pressures were measured until the 30th of June. 

 
The construction is a temporary RD-pile wall, see Figure xx for the construction 

in plan. It is installed to cast a culvert for wires between Södermalm and the Old 

town in a riser shaft. Two roads, Södermälarstrand and Stadsgårdsleden, surround 

the area. On the west side, there is a bridge for subway trains. Bridge foundations 

line the opposite side. Cars, cyclists and pedestrians use the bridge. The north side 

consists of the quay towards. The ground level is at +2 m after a partial excavation. 

The area has been used for many years, which have had a great effect on the 

ground condition in the top layers.  

The upper layer on the construction site is fill material. The fill material mostly 

consists of gravelly sand but old constructions, tree and steel occur. There is silt 

and dry crust clay present in the fill material. The presence of organic material is 

limited to level -12 m. Fill material is found down to level -12 m. Below the fill 

material, a natural deposit of sand and gravel, from the esker Brunkebergsåsen 

Figure 30. Location of construction site. 
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which stretches down to the bedrock. In the deeper layers of the ridge material 

boulders occur, from level -35 m they are more common. The bedrock level is 

between 50 and 60 m below the surface. The ground water level correlates with 

the water level of lake Mälaren. The highest ground water level is at level +0.61 m 

and the lowest is at level -0.04 m. CPT, Ram sounding and Jb Total soundings 

have been performed on the site. 

The construction is a RD-pile wall, see Figure xx. The piles have the diameter 

406.5 mm and thickness 12.5 mm. The piles have RM/RF locks. Parts of the locks 

are bitumen locks, to make the pile wall waterproof. The piles are 16 m long. 

Drilling is advised since boulders and other obstacles are expected in the ground. 

Figure 31. The planned construction. 

Figure 32. 3D model of the construction. 
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Water driven drilling is prescribed due to the sensitive constructions surrounding 

the site. Several piles will be telescopic drilled to reach deeper.  

 

 

The aim of the field study was to measure the installation effects from water 

driven DTH drilling. Håkan Eriksson, Geomind, provided a rule of thumb 

concerning the extent of the installation effects. It is accurate for driven piles, but 

can be used for drilled piles. The rule says major effect to 4D, where D is the 

diameter of the hammer. The installation effects are negligible at 8D. The rule was 

used for guidance on the set up of the field study.  

The material in the esker is a natural deposit and is therefore of interest to 

investigate. There were some issues concerning the measurements in the esker 

material. The pore pressure is assumed to dissipate at a fast rate therefore not 

cause an increase. It is also harder to install the measurement equipment according 

to the geotechnical field technician. The esker material is harder to penetrate and 

the force from the rig is limited. There is also a risk of breaking the pore pressure 

gauge during installation. Flushing of fine graded material is a problem in water 

driven drilling, it is of interest to measure the settlements in the layer. Settlements 

in the deeper layers is not as correlated to the extra space for the interlocks as in 

the shallow layers. The measurement equipment was installed with the 

perpendicular distance 3D from the pile wall.  

The pore pressure changes are easier to investigate in the fill material. The material 

is less permeable compared to the esker material and it has organic components. 

The material is not a naturally occurring material but it is common in urban 

projects. It is hard to generalise the material since a fill material is very different 

between different locations. However, it is a material that is present in projects 

and findings from one sensitive area gives an indicator of the installation effects 

in the material.  

The extent of the pore pressure was measured by installing two pore pressure 

gauges at perpendicular distance 4D and 8D from the planned construction in the 

fill material. Settlement screws was installed at the same distance and depth as the 

pore pressure gauges. The settlement was assumed to be larger closer to the pile 

wall due to the extra space drilled for the interlocks. By installing pore pressure 

gauges approximately at the same perpendicular distance from the pile wall, but 

in different depth, the installation effects are compared between the materials.  
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The measurement equipment was installed May 2017. During the day of 

installation all the measurement equipment was installed. The pore pressure 

gauges were prepared, the tips need to be saturated before installation. A needle 

penetrates the top of the dissembled gauge and water is drawn up until all air is 

removed.   

The pore pressure gauges in the fill was installed according to plan at a depth of 

5 meter, at distance 4D and 8D from the pile wall. Holes for the pore pressure 

gauges was predrilled with a small hammer before installing the pore pressure 

gauges. 

Figure 33. Pore pressure gauge, dissembled to the left. 

Figure 34. Predrilling for settlement screws and pore 
pressure gauges in the fill material. 
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The holes for the settlements screws were drilled 

shallower, to ensure the screws got a grip of the 

soil. The settlement screw at distance 8D from the 

pile wall reached a hard layer, it was installed at 

depth of 4.8m. The screw at distance 4D from the 

wall was installed according to plan at a depth of 

5.0m, in a very soft layer. The distance between 

the settlement screws is 1.2 meters, which shows 

the variability in the fill material.  

The settlement screw was installed in the esker 

material first. Predrilling was performed down to 

13m depth and the settlement screw was installed 

at 13m depth. The predrilling was performed 

almost to the final depth. The initial thought was 

to have the pore pressure gauge and the 

settlement screw installed at the same depth but 

the installation of the pore pressure gauge was 

difficult because of the depth and the stiffness of 

the material. Since the pore pressure gauge is 

sensitive, the hole is predrilled with casings. The 

soil is flushed out through the casings and the 

casings keeps the hole open. The hole was drilled 

to 13 meters depth and the pore pressure gauge was inserted through the casings.  

To make the removing of the casings easier the top piece of the pipes that is 

connected to the pore pressure gauge removed. When the casings were removed 

the pore pressure gauge sank into the formation and it had to be pulled up to 

connect the last pipe. The risk of breaking the pore pressure gauge while pushing 

it down to planned depth was too high.  

Figure 35. Settlement 
screw. 

Figure 36. Predrilling with casings. 
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The final depth of the pore pressure 

gauge was 12 meters. The 

settlement screw can be screwed 

backwards but there is a risk of 

threading out why it was decided to 

have the settlement screw and the 

pore pressure gauge with a small 

difference in depth, approximately 

one meter. The flushed material 

during the casing drilling for pore 

pressure gauge is seen in Figure 40. 

It was easy to conclude that the 

esker was reached. The material 

consisted of gravel of different sizes 

with a rounded shape, which is 

typical for esker material. 

 

The measurement equipment is installed in three groups; A, B and C. Each group 

contains a pore pressure gauge and a settlement screw. The pore pressure gauges 

are denoted PPA, PPB and PPC. The settlement screws are correspondingly 

denoted SSA, SSB and SSC. The piles are numbered after the order they are drilled 

in. The location of the installed measurement equipment is showed in Figure 41.  

In addition to the measurements of the settlements performed in the field study 

the site has a contract specific control program regarding measurements of ground 

movements and movements in the adjacent structures due to the sensitive nature 

of the site.  

Figure 37. Flushed material during casing 
drilling. 

Figure 38. Location of measurement equipment and the pile wall. 
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In June 2017, Artur Slunga, from Geometrik, 

installed the logging device for pore pressure 

measurements. The logging device is connected to 

the pore pressure gauges, which, have been 

installed into the soil formation. The pore pressure 

gauges are connected to hollow pipes. A needle, 

which is connected to a weight, is inserted through 

the pipe. The weighted needle is shown in Figure 

42. The weight is used to create enough pressure 

to penetrate the membrane in the pore pressure 

gauge. The needle penetrates the pore pressure 

gauge to measure the pore water pressure. During 

the lowering of the needle, the pressure is 

measured by the changes in the electric current. 

After penetrating the membrane, a cable connects 

the needle to the logging device. The cable 

connecting the logging device to the measurement 

equipment is shown in Figure 43. The same 

procedure is performed for all three measuring 

points. The cables are connected to an automatic 

logging device. The logging device have several 

inputs. All three pore pressure gauges are 

connected to the same logging device. The pore 

pressures are logged at the same time in all three 

measurement points. 

The logging device is programmed to measure at a 

set interval. The information is stored in the 

logging device and it is delivered to a portal at a set 

interval. The intervals for measurements and 

information delivering can be reprogrammed. The 

logging interval is set to measure the pore pressure 

once an hour before the drilling starts. When the 

drilling is performed, the pore pressure is 

measured every minute throughout day and night.  

 

 

The piles were drilled with an ABI 14/17 HD Sennebogen. It is a machine with a 

telescopic leader mast, which is 17 meters high. Two pumps from Wassara were 

used to create the required flow and pressure. The water was filtered before it 

enters the pumps. The hammer was a 12-inch Sindek hammer. The 

subcontractors Terramek manufactures their own pilot, it has a wing drive, carbide 

inserts and uses jet flushing to keep the borehole clean. Terramek performs the 

drilling. 

Figure 39. Weighted 
needle. 

Figure 40. Inserting 
needle into hollow pipes 
in ground C. 
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The drilling started on the 8th of June. 

Before the drilling started, the piles 

were marked for each meter. The pipes 

were marked to measure the 

penetration rate and to correlate the 

pore pressure changes to events during 

drilling. A marked pile is shown in 

Figure 44. After the preparations were 

finished, the steel pile was loaded onto 

the machine. The steel pile was put 

into position, the lock of the pile is put 

into the lock of the neighbouring pile. 

The first meters of drilling were 

paused a couple of times to ensure the 

straightness of the pile.  

During drilling every meter is logged, 

see Appendix A. Events during drilling 

is logged and described in the 3.4.3 

Drilling diary. 

 

Pile 1 was put in position 15:12 and the 

hammer started at 15:17. Water started 

flushing from the top of the steel pipe after 

3-4 m of drilling. At first, the drill cuttings 

were brown which means a lot of fine 

material was transported with the water. 

The water became clearer after some 

minutes. In the end of the drilling the 

amount of water leaving the casing 

declined in periods. The drilling was 

finished 16:16.  

Pile 2 was put into position at 17:32 and 

drilling started at 17:36. The material was 

very soft in the beginning and the pilot 

could almost be pushed into the ground. 

After between 3-4 of drilling water started 

to evacuate through the casing. After 5 m 

of drilling, a steady flow was seen from the 

top of the casing. In the last meters, the 

hammer was stopped a couple of times due 

to pump failures. After the filters was 

Figure 41. Marked pipe, for every 
meter, before drilling. 

Figure 42. Putting the first pile into 
position. 
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cleaned the drilling proceeded. Pile 2 was the last pile to be drilled for the day. 

Pile 3 was the first pile to be drilled on June 9. Pile 3 was put into position at 

9:42 and drilling started at 9:50. Water started emerging from the pile after 4 m 

were drilled. Water evacuated the hole and holes close to the pile until 5m had 

been drilled. After 10 m of drilling, some smaller stops were made, due to pump 

problems between 10:18-10:29. The filters was cleaned. This pile had the 

shortest distance to the measurement equipment in group C.  

Pile 4 was put into position 11:26 and drilling started at 11:30. Water evacuated 

the hole and other holes until 5 m were drilled. Water started emerging from the 

casing after just 3.5 m of drilling. The drilling of the pile is interrupted by a lunch 

break at 11:51, drilling was resumed at 12:51 and finished at 13:28. 

Pile 5 was put into position 14:02 and drilling started at 14:06. Water emerged 

from holes in the beginning of the drilling. Water evacuated the casing somewhere 

between three to four drilled meters. Drilling finished at 15:02.  

Pile 6 was the last pile to be drilled on the 9th of June. It was put into position at 

16:14 and drilling started at 16:16. Water emerged from the casing after 3.5 m. 

Drilling was stopped between 16:26 to 16:50; the piston was probably in the 

wrong position in the hammer. Another stop was made between 16:58 and 17:05 

to clean the filters on the pump. Drilling was finished at 17:42.  

Pile 7 was the first pile to be drilled on the 12th of June. The pilot was exchanged 

due to wear. The new pilot was of the same model as the previous one. The drilling 

operator was also changed. Pile 7 was put into position 10:50 and drilling is started 

at 11:07. Water emerges from the drilling hole and adjacent holes. After 4 m of 

drilling water emerged from the casing instead. 

Pile 8 is put into position at 13:49 and drilling is started 13:59. After 4.5 meters, 

water emerges from the top of the casing. Water kept on escaping from different 

holes until just over five drilled meters, see Figure 46.  

Figure 43. Water escaping from the ground during drilling of 
Pile 8. 
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Pile 9 was put into position at 15:34 and drilling starts at 15:39. Water did not 

emerge until 5 m of drilling, a bit later compared to the previous piles. Water kept 

on emerging from small holes during until the water emerges from the casing. A 

lot of water came instantly when the water exits the casing, to the helping guys’ 

surprise. 

 

 

Pile 10 was put into position at 18:00. The hammer starts at 18:05. Water emerged 

from the casing after five drilled meters. 18:18 there was a pump failure and the 

next 15 min is spent cleaning filters in the rain. Drilling starts again 18:37 to make 

sure the pumps were back in business. Drilling stopped at 18:40 for the day.  

Drilling of pile 10 continued at 8:03 and finished at 08:30. After the tenth pile was 

drilled the installation proceeds on the other side of the planned excavation. The 

pore pressures are logged and the start and end time of drilling are compared with 

the pore pressures. 

On the 21th June the drilling proceeds. A new operator is drilling.  

Figure 45. Drill cuttings during 
drilling of pile 9. The first coming 
up bringing a lot of material. 

Figure 44. Drill cuttings from drilling 
pile 9, clearer after a couple of 
minutes.  
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Pile 11, drilling started at 14:28. After five drilled meters at 14:40 water emerged 

from the casing. Water kept finding other ways to leave the ground, see Figure 49. 

Three stops were made, 14:59-15:03 and 15:11-15:21, the last one to clean the 

filters of one of the pumps. When the hammer was lifted a considerable amount 

of sand is in the casing. 

Pile 12 was drilled between 16:26 and 17:15. The pile was put into position at 

16:19. After five drilled meters at 16:36, water emerged from holes in the ground 

and possibly from other piles as well. After six drilled meters at 16:38, water 

emerged from the casing. In the beginning, the water was very dark, a lot of 

material was brought up. After a couple of minutes, the water became cleaner. 

When the hammer was lifted, after drilling was finished, a large amount of material 

was brought up through the casing. Pile 12 was the last pile drilled for the day. 

Pile 13 was drilled on the 22nd of June. The pile was set into position at 7:38 and 

drilling started at 7:45. After four drilled meters at 7:48 water emerged from the 

pile but stopped after a couple of minutes before it emerges again. Between 8:07 

and 8:20 a stop I made to clean the filters of the pump. Drilling was finished 8:39. 

After the drilling was finished cracks in the ground could be seen in the ground 

after it heaved during drilling, see Figure 50.  

Pile 14 was put into position at 9:55 and the hammer started at 10:05. Water 

emerged from small holes until 10:13 when water emerged from the casing after 

four drilled meters. A short stop was made at 10:46 and a longer between 10:53 

and 11:04 to clean the filters. Drilling was finished at 11:13. 

 

Figure 46. Picture after water have emerged and lifted 
material during drilling of pile 11. 
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Pile 16 was drilled on the 26th of June. The pile was put into position at 10:13, 

drilling started at 10:22 and finished at 11:29. Wooden parts were flushed up in 

the beginning. After just over three meters water emerged from the casing at 10:32 

while water emerged from holes in the ground. The water from the casing carried 

considerable amounts of material the first minutes but became cleaner. 

Pile 17 was drilled between 13:15 and 15:05. It was hard to put the pile into 

position due to a previous quay construction made of stone and concrete. The 

problem was solved by predrilling between 13:24 to 13:44. After putting the pile 

into position 13:45 drilling started 13:48. Water emerged from the casing at 14:06. 

Two stops are made, the first between 14:36-14:40 and the second 14:43-14:52 

due to pump problems. Drilling stopped 15:02 and the water was turned off 15:05. 

In Figure 51 the local settlement from the predrilling is showed. Similar local 

settlements are visible during breaks in the drilling.  

Pile 18 required predrilling similarly to pile 17. Predrilling was performed between 

16:15 and 16:26. During the first meters a small amount of water was emerging 

from the ground and just before four drilled meters at 16:46 a sudden burst of 

water emerged from the casing. There were a couple of shorter stops and one 

longer stop, between 16:54 and 17:06, are made. During the longer stop, the filters 

were cleaned. Drilling was finished 17:42 and water was turned off at 17:50. Pile 

18 was the last pile drilled for the day. 

 

Figure 47. Ground movement during drilling 
of Pile 13. 
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Pile 19 was the first pile for the day. The pile was put into position 7:54. Drilling 

started at 8:05 and finishes at 10:56. Between three and four drilled meters at 8:19 

water emerged from the casing. Between four and five drilled meters water only 

exited from holes in the ground. A few shorter stops were made and a longer 

between 9:06 and 9:40 to clean filters and refuel the pumps. The water was kept 

on after the drilling was done since either the drill crown or something between 

the drill rod and the casing was stuck and preventing the drill string from being 

extracted. In Figure 52 the material which was left in the space between the 

hammer and the casing and the material in the drill cuttings which escapes the 

casing during drilling is shown.  

Pile 20 required predrilling and it was performed 17:03-17:20. The pile was put 

into position and drilling started at 17:22. The first meter of drilling was performed 

through very hard material. Just over two meters at 17:32 water emerged from the 

casing. It disappeared for some minutes and returned at 17:32. It was less water 

exiting through holes in the ground compared to the previous three piles. Drilling 

was finished 18:05. In Figure 53 the material which is lifted by the hammer when 

it is extracted is shown.  

Figure 49. Drill cuttings in different sizes. From left: material stuck in casing in the 
bottom, material in the casing, lifted material and the material which is spread out 
over the site. 

Figure 48. Local settlement around pile 17 after predrilling. 
Occurs in regular drilling and is filled by the material left in 
the casing. 
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Figure 50. Material left in the casing after drilling pile 20. 
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The results from the measurements are presented in this chapter. It is divided into 

two sections, one concerning the pore pressures and the other concerning the 

ground movements.  

The presentation of the pore pressures is first describing the nature of the pore 

pressure changes and is linked to the events in the drilling diary. In the second 

part, the distributions of the measured pore pressure during drilling and the 

intermediate measurements is presented. The last part of the pore pressure 

measurements concerns the extent of the pore pressure changes. The settlements 

are described in turn of ground level settlements and in-depth settlements. 

 
The pore water pressure was logged from the 2nd of June to the 30th of June. The 

results of the measurements have been processed with aid of the drilling diary. 

The time of each drilled meter is initially compared with the measured pore 

pressure. In Appendix A, the time of each drilled meter are presented in tables. 

The results of the pore pressure measurements were logged against each drilled 

meter, the diagrams are presented in Appendix B for all three measurement points 

combined. In Appendix C, all the diagrams for all three measurements points is 

presented in order of the distance between the measurement points and the drilled 

pile.  

 

The pore water pressure has been measured one time per minute around the clock 

during the field study. The changes in the pore water pressure are rapid. Spikes in 

the measurements occur for minutes at a time. The pore water pressure returns to 

its initial value almost immediate after the drilling is finished. Some changes are 

noticed the minutes after the drilling is finished since the hammer is flushing out 

water when it is lifted from the casing and leaves the water filled with water above 

the ground water table which dissipates out in the formation.  

In group B changes could be seen at different depths. Changes could be seen after 

12 drilled meters, which is 7 meters deeper than the pore pressure gauge is 

installed. In measurement point A, the changes were limited to the depth of the 

pore pressure gauge. In measurement point C, the impact of the drilling is seen at 

depths near the installed pore pressure gauge. The spikes in the pore pressure 

measurements have been analysed using the notes taken during drilling. Drilling 

of pile 1 showed variation in the pore water pressure in all measurement points, 

see Figure 51. The changes in the pore water pressure occurred after 12 drilled 

meters, which was noticed in all measurements points.  
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Drilling of pile 6 large pore pressure increases are seen in point B when the 

hammer is flushed when the piston is in the wrong position. Large amount of 

water is released into the soil formation when the hammer is flushed but it only 

affected measurement point B, see Figure 52.  

Drilling of pile 8 shows an increase of the pore water pressure in measurement 

point A when water escapes from holes in the ground. The same thing happens 

when drilling for pile 9. An increase is seen in point B but some meters deeper. 

Measurement point B shows spikes in the pore pressure at 8-9 drilled meters in 

almost all piles. Drilling for pile 20 shows an increase in point B after 12 drilled 

meters and it correlates with the time the amount of water leaving the casing is 

decreased. All pore water measurements can be found in Appendix A.  

Figure 51. Pore water pressure measurement during drilling of pile 1. 

Figure 52. Pore water pressure during drilling of pile 6. 
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The measurements of the pore water pressure have been measured throughout 

the days and nights. The distribution of the pore pressures is compared during 

drilling and the night following the drilling. The following nights are used as a 

comparison to showcase the natural variation of the pore pressure in each of the 

measurement group. The measured natural variation in the measured pore 

pressure measured when no drilling is performed. The diagrams are based on 

histograms from the measurement values. The statistic parameters were produced 

using Excel and is presented for each measurement point.  

In point A, there is a rather small difference between the average in drilling and 

the natural variation. The biggest difference is seen the width of the distribution 

between the measured values during drilling and the natural variation, see Table 

2.  

Table 2. Pore pressure variation in PPA. 

Distribution of pore water pressures PPA [kPa]   
Natural Drilling 

Average 
 

25.97 27.83 

Median 
 

26.03 27.68 

Standard deviation 0.68 1.24 

Width of distribution 3.66 17.67 

Minimum value 24.26 24.63 

Maximum value 27.93 42.30 

Number of values 5047 1464 

 

Figure 53. Histogram of pore water pressure measurement data resting and 
during drilling. 
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Point B shows lager standard deviation compared to measurement point A during 

drilling. The width of the distribution is also larger in point B.  

Distribution of pore water pressures [kPa] 
 

              Natural          Drilling 

Average 
 

25.67 27.44 

Median 
 

25.71 26.64 

Standard deviation 0.62 3.08 

Width of distribution 2.94 28.82 

Minimum value 24.20 20.55 

Maximum value 27.13 49.37 

Number of values 
 

5047 1464 

 

The distribution of the measurement in point C shows smaller difference between 

the average of the pore water pressure during drilling and resting. The pore 

pressure changes were generally smaller in the esker material. The width of 

variation was smaller but the amount of decreases in the pore water pressure were 

occurring more often in the measurement point C compared to point A and B.  

Distribution of pore water pressures [kPa]   
        Natural        Drilling 

Average 
 

97.86 98.30 

Figure 54. Histogram of pore water pressure measurement data resting and 
during drilling. 
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Median 
 

98.02 98.27 

Standard deviation 0.74 1.00 

Width of distribution 2.72 12.00 

Minimum value 96.47 91.37 

Maximum value 99.19 103.37 

Number of values 5047 1464 

 

 

 

The expansion of the pore pressures is presented with tables which contains the 

distance, in diameters of the hammer, between the drilled piles and the 

measurement point accompanied by the logged pore pressures during drilling. The 

changes in the pore pressure are presented from the shortest distance to the 

longest for all three measurement points in a diagram. The diagram is showing the 

measured pore water pressure during the drilling of pile for each distance. 

The changes in measurement point A were generally low. The extent does not 

seem to influence the changes. The largest deviations are seen during drilling of 

pile 8 and 9 at distance 7.5D an 8.9D. 

 

 

Figure 55. Histogram of pore water pressure measurement data resting and 
during drilling. 
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Table 3. Distances between measurement point A and pile 1-20.  

Pile number Distance from pile to 
measurement point 
[m] 

Distance from pile to 
measurement point 
[D] 

13 1.2 4.0 

14 1.3 4.3 

15 1.3 4.3 

12 1.4 4.6 

16 1.6 5.2 

11 1.7 5.6 

17 1.9 6.2 

10 2.1 6.9 

9 2.3 7.5 

18 2.5 8.2 

8 2.7 8.9 

19 2.9 9.5 

20 3.1 10.2 

7 3.3 10.8 

6 3.7 12.1 

5 4.2 13.8 

4 4.6 15.1 

3 5.1 16.7 

2 5.6 18.4 

1 6 19.7 

 

 

Figure 56. Extent of pore pressure changes in point A. 
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The extent of the pore water changes is large until approximately distance of 15D.  

Table 4. Distances between measurement point B and pile 1-20. 

Pile number Distance from pile 
to measurement 
point [m] 

Distance from pile to 
measurement point [D] 

13 2.6 8.5 

14 2.6 8.5 

15 2.7 8.9 

12 2.7 8.9 

16 2.8 9.2 

11 2.8 9.2 

17 3.0 9.8 

10 3.1 10.2 

9 3.3 10.8 

18 3.3 10.8 

8 3.6 11.8 

19 3.6 11.8 

20 3.9 12.8 

7 4.0 13.1 

6 4.3 14.1 

5 4.7 15.4 

4 5.1 16.7 

3 5.5 18.0 

2 5.9 19.4 

1 6.3 20.7 

  

Figure 57. Extent of pore pressure changes in point B.  
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The pore water pressure changes are larger at shorter distances.  

Table 5. Table 5. Distances between measurement point C and pile 1-20. 

Pile number Distance from pile 
to measurement 
point [m] 

Distance from pile 
to measurement 
point [D] 

3 1.0 3.3 

4 1.0 3.3 

2 1.2 3.9 

5 1.2 3.9 

1 1.5 4.9 

6 1.5 4.9 

7 1.8 5.9 

8 2.2 7.2 

9 2.6 8.5 

10 3.1 10.2 

11 3.5 11.5 

12 4.0 13.1 

13 4.5 14.8 

14 4.9 16.1 

15 5.4 17.7 

16 5.9 19.4 

17 6.3 20.7 

18 6.8 22.3 

19 7.2 23.6 

20 7.7 25.3 

 

Figure 58. Extent of pore pressure changes in point C. 
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The settlements are measured by a surveyor. The in-depth settlements are 

measured by using the settlement screws. The tops of the settlement screws are 

measured before the drilling starts, two times during drilling, one time in the end 

of the drilling and one last time after the drilling is finished on that side of the 

planned excavation. The ground level is measured close to the pore pressure 

gauges and the settlement screws.  

 

The ground level increases during drilling of the piles. The drill cuttings settle 

across the work site during drilling. The material in the drill cuttings are 

predominantly sand.  

 

 

 

 

The settlements are larger in the esker material compared to the fill material. The 

settlements occur in the esker material first. The piles are drilled close to 

settlement screw C and the settlements occur in the screw during the drilling of 

the piles closest to the settlement screw. The settlements are 25 millimeters at 

most. 
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The settlements in the fill material are larger in settlement screw A which is closer 

to the pile wall. The settlements occur when the piles closest to the settlement 

screw is drilled as in the esker material. The settlements are 15 millimeters in 

settlement screw A and 4 millimeters in in settlement screw B.  

During drilling on the construction site continuous measurements have been 

performed within the contract specific control program. The measurements of 

ground movements and movements in the adjacent structure have stayed within 

the set boundaries.  

  

Figure 60. Settlements at 5 m depth in SSA and SSB, settlements at 13 m depth in 
SSC. 
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The discussion is focused on the magnitude and extent of the installation effects 

from water driven DTH drilling. The discussion is focused in the short-term 

effects since the field study only was in progress for less than a month. The results 

of the pore pressure and settlements are discussed. The set up and execution is 

discussed with possible future improvements.  

 
The first drilled pile in this field study is drilled after weeks of drilling on the other 

side of the planned construction. During drilling of the show larger deviations at 

depth compared to the other piles. Pore pressure changes occurred in 

measurement point A and B, it could be a result of water finding its way out in 

blocked channels. 

The pore water pressure measurements showed both increases and decreases. In 

measurement point A and B increases was the most common change in the pore 

water pressure. In measurement point C, the range of the pore water pressure was 

smaller compared to the other measurement points but more decreases. The 

settlements in settlement screw C showed the largest settlements of the field study. 

The explanation could be find in the decreased pore water pressure during drilling 

which is an indicator of the Venturi effect. Esker material is prone to uptake of 

excessive material. The drill cuttings were not measured in the field study and 

larger volumes of drill cuttings was not observed from the piles close to 

measurement point C. After drilling was finished the hammer is lifted and every 

time ridge material could be found in the casing.  

Many times, the changes in the pore water pressure could be correlated with noted 

events. At the times when water did not escape the casing or escaped from the 

ground instead the pore pressures increased. The result is not surprising, if the 

water cannot dissipate the pore pressures will rise. The largest spikes of the pore 

pressures came from times when problems with the hammer or the water pumps 

occurred. When the hammer is not striking the piston can be in the wrong position 

or material could have found its way into the hammer and it prevents the pressure 

from building up in the hammer. The solution is to flush water through the 

hammer. A large amount of water is released in the same layer. If there is a 

problem with one the water pumps the other is kept on preventing material 

escaping into the hammers. The pressure and the volume of water is not sufficient 

for the hammer build up the right pressure and strike which results in the water 

flushing out in the formation. To summarize this finding, at times when problems 

occur in drilling the amount of water is larger than then the amount of water 

released into the layer of the formation during drilling. It might explain the spikes 

in the pore water pressure. It is important to be aware of this if drilling is 

performed in sensitive formation. The findings can be linked to pneumatic drilling 
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where larger volumes of flushing medium results in a greater soil formation 

impact.  

It remains unclear why the pore pressure changes were larger in point B compared 

to point A. Fill material is a heterogeneous material, it is possible despite the small 

distance between measurement point A and B there is large differences between 

the material. It could also be linked to the channels created by water, large amount 

of water escaped from the hole where the pore pressure gauge was installed in 

point B.  

The field study is performed in is drained conditions. The ground consists 

predominantly of friction materials. The water which is released into the 

formation during drilling dissipates fast and the increases of the pore water 

pressure in only seen for minutes at time. If the same field study would have been 

performed under undrained conditions in cohesion material the pore pressure 

changes would most likely appear in a different way. Seeing that the pore pressure 

could be doubled during drilling in the fill material when water is used to power 

the hammer makes it interesting to investigate the pore pressure generation 

induced by hydraulic drilling in undrained conditions.  

 
The ground level increased in contrary to the in-depth measurements provided by 

the settlement screws. It is a consequence of the flushing of the drill cuttings. The 

fine material which is transported with the drill cuttings settles on the ground. The 

site has gained a sand layer during drilling of the piles. The rise of the ground level 

could also be a result of a rise created by the increased water pressure. During 

drilling cracks could be observed in the top layers when water emerged from holes 

in the ground. The water also brought material up to the ground level. Stones as 

large as 3 cm in diameter was lifted to the surface. In pneumatic drilling air arising 

creates problems but it can be seen in hydraulic drilling as well. The measurements 

on the ground level movements is also depending on heavy machines working on 

the site. Equipment is moved around and piles are loaded. Before drilling the last 

piles in the field study, the edge of the construction site was loaded with crushed 

rock to provide stable ground for the drill rig. During drilling a large amount of 

fine material is washed away from the site which decreases the stability of the 

heavy machines. The loading of crushed rock on the edge of the construction site 

could be the explanation the larger increase of ground level in point A and B 

which are closer to the water. The water does flow from point C towards point A 

and B which also is a part of the explanation.  

The settlements were larger in the esker material compared to the fill material. As 

mentioned, esker material is prone to excessive uptake of material and the 

decreases of the pore water pressure in measurement point C indicates suction 

towards the tip of the pile.  

The measurements performed within the contract specific control program, 

regarding measurements of ground movements and movements in the adjacent 

structures, stays within the set boundaries. But settlements are seen in both the fill 

material and the esker material. The esker material is especially of interest since a 

settlement in-depth can affect the foundation of large structures. There is little 
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information on the magnitude of settlements induced by pile drilling why it is hard 

to compare to other projects. This field study shows that even if the adjacent 

structures are not effected settlements occur close to the construction with water 

driven drilling. If piles are drilled close to building, caution is always advised.  

 
In the fill material in measurement point B the impact from the drilling could be 

seen from larger distances. Measurement point A and B is located close to each 

other and the initial plan was to monitor the expansion of the pore pressures. 

Measurement point A showed an overall smaller pore pressure changes even 

though it is placed closer to the pile wall. The pore pressures changes were larger 

in measurement point B compared to measurement point A. The fill material is a 

heterogeneous material, which explain the differences between measurement 

point A and B. The settlements on the other hand was considerably larger in 

settlement screw A compared to B. The settlements in settlement screw A could 

be linked to the space which is drilled to fit the locks of the piles.  

The settlements were largest in measurement point C and the pore water pressure 

changes was the smallest. If the pore pressure decrease linked to the Venturi effect 

is considered, it is the most probable reason behind the large settlements in the 

esker material. The decrease in the pore pressure indicates streaming of water 

towards the tip of the pile. The size of the settlements in point C could as with 

point A be explained by the extra space drilled for the locks.  

The small settlements in point B indicates the increase in the pore water pressures 

is not creating re-compaction of the fill material. It is also following the rule of 

thumb of insignificant soil formation impact if the settlements are of interest. 

The installation effects which can occur in the friction material is re-compaction, 

settlements, liquefaction, flushing of masses and uptake of excessive materials. 

Some of these phenomena did occur to a certain limit. Settlements is seen from 

the movements of the settlement screws. The increase of the pore water pressures 

is probably the result of flushing of masses. The decrease of the pore pressure is 

a result of the Venturi effect and indicates uptake of excessive material at some 

parts of the drilling. Pneumatic drilling would probably cause more problems 

seeing the pore pressure increases more when the volume of water released into 

the soil formation was larger. When larger volumes of air are released re-

compaction of friction materials leads to larger settlements. Air would probably 

escape through other holes and adjacent piles at a higher degree than the water 

did. The uptake of excessive material would also be larger since the speed of the 

drill cuttings would be larger. Hydraulic drilling is probably a better choice for 

drilling at this site but it is not an infallible method.  

 
The setup of the field study was planned with the rule of thumb. It states soil 

formation impact is large up to 4D and insignificant at distance 8D and after. In 

the esker material, the pore pressures varied during drilling up to approximately 

eight times the diameter of the hammer but did not show any larger deviations 
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after. There was changes in the pore pressures but not as large as when the drilling 

was performed close to the measurement point C. The material is homogenous 

and the rule applied well.  

The extent of the pore pressure changes did not follow the rule of thumb in the 

fill material. The heterogeneous material and underlying channels in the formation 

could explain it. The rule of thumb is not an appropriate rule to use in fill material, 

which is an important lesson for future urban projects with variable soil 

conditions.  

During the planning of the field study the esker material was pointed out as a 

material which would not be suitable to measure the pore pressure in. The general 

opinion was the lack of pore pressure build up and the fast dissipation of water 

during drilling. It was right but what is interesting after seeing the result is the 

decrease of the pore pressure in the esker material which was not pointed out as 

a possible finding. It is interesting after seeing the largest settlement in the esker 

material which is most probably linked to the Venturi effect.  

The in-depth settlements have been monitored by measuring the top of the 

settlements screws. The ground movements have been measured only by 

measuring the ground which implies some uncertainties. It is possible that the use 

of a settlement plate screwed down a short distance would have yielded better 

results from the ground movement. However, it is possible that the plate would 

have been buried by the drill cuttings. The results would not have been better. 

The ground movements could also have been measure in several points. The 

naked eye could clearly see a larger increase of the ground level between group A 

and group C.  
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The purpose of the field study was to investigate the installation effects induced 

by hydraulic DTH drilling, which is prescribed in sensitive formations. The pore 

pressure increase is expected to be lower in the esker material compared to the fill 

material and the extent of the soil formation impact is expected to follow the rule 

of thumb where the impact is considerable up to four times the distance of the 

hammer and negligible at distance eight times the diameter of the hammer.   

The field study confirms the anticipated small increases in the pore pressure in the 

esker material. But not only is the increases small, decreases of the pore pressure 

occurs in the material. The decrease in the pore pressure is probably the 

explanation of the large settlements in the esker material, it is an indication of the 

Venturi effect which makes the water stream towards the tip of the pile. The 

dissipation of pore pressures is rapid in both the esker material and the fill 

material.  

Two measurement points was installed in the fill material. The extent of the 

settlements followed the rule of thumb and was smaller closer to the piles but the 

measurements of the pore pressure was higher in in the measurement point 

furthest away. The heterogeneity of the fill material is a possible explanation. The 

extent of the pore pressures followed the rule of thumb in the esker material, 

probably the result of the homogeneity of the material.  

The largest spikes in the pore pressure measurements was connected to problems 

with the pumps or the hammer, not during actual drilling. During these events, 

larger amount of water was flushed into the layer of the formation, which is 

important to keep in mind when drilling in sensitive formations and where the 

ground have low bearing capacity.  

 

Suggestion on further research: 

 

▪ Measure the drill cuttings during pile drilling and compare to the 

pore pressure generation. Can be performed with both pneumatic 

and hydraulic drilling.  

▪ Make a comparison between hydraulic, conventional pneumatic and 

modern pneumatic drilling performed in the same ground conditions 

to evaluate the difference in the installation effects.  

▪ Perform the same study in a different material to further investigate 

the installation effects induced by water driven drilling.  
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Logged times for each drilled meter for pile 1-20 sorted after date of drilling.  

Table 6. June 8 

Pile 1 Pile 2 

Time Drilled meters [m] Time Drilled meters [m] 

15:17 0 17:36 0 

15:21 1 17:37 1 

15:24 2 17:38 2 

15:25 3 17:40 3 

15:26 4 17:41 4 

15:27 5 17:42 5 

15:31 6 17:45 6 

15:34 7 17:49 7 

15:38 8 17:53 8 

15:42 9 17:57 9 

15:47 10 18:00 10 

15:51 11 18:04 11 

15:57 12 18:08 12 

16:03 13 18:13 13 

16:08 14 18:17 14 

16:12 15 18:22 15 

16:16 16 18:28 28 
 

Table 7. June 9. 

Pile 3 Pile 4 Pile 5 Pile 6 

Time Drilled 
meters 

Time Drilled 
meters 

Time Drilled 
meters 

Time Drilled 
meters 

9:50 0 11:30 0 14:06 0 16:16 0 

9:51 1 11.31 1 14:06 1 16:19 1 

9:52 2 11:32 2 14:08 2 16:20 2 

9:53 3 11:33 3 14:10 3 16:21 3 

9:55 4 11:34 4 14:11 4 16:22 4 

9:57 5 11:42 5 14:13 5 16:23 5 

10:00 6 11:44 6 14:16 6 16:51 6 

10:04 7 11:51 7 14:23 7 16:54 7 

10:10 8 12:53 8 14:26 8 16:58 8 

10:14 9 12:55 9 14:30 9 17:08 9 

10:18 10 13:00 10 14:34 10 17:13 10 

10:34 11 13:03 11 14:39 11 17:16 11 

10:38 12 13:08 12 14:45 12 17:20 12 

10:43 13 13:15 13 14:50 13 17:23 13 

10:49 14 13:19 14 14:54 14 17:33 14 

10:54 15 13:22 15 14:59 15 17:37 15 

10:58 16 13:28 16 15:02 16 17:42 16 
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Table 8. June 12 and June 13. 

Pile 7 Pile 8 Pile 9 Pile 10 

Time Drilled 
meters 

Time Drilled 
meters 

Time Drilled 
meters 
[m] 

Time Drilled 
meters 

11:07 0 13:59 0 15:39 0 18:05 0 

11:09 1 13:59 1 15:41 1 18:05 1 

11:09 2 14:03 2 15:44 2 18:06 2 

11:11 3 14:05 3 15:45 3 18:10 3 

11:13 4 14:06 4 15:48 4 18:13 4 

11:15 5 14:08 5 15:49 5 18:13 5 

11:17 6 14:10 6 15:50 6 18:15 6 

11:23 7 14:14 7 15:53 7 18:18 7 

11:28 8 14:19 8 16:01 8 18:38 8 

11:32 9 14:25 9 16:07 9 8:06 9 

11:37 10 14:31 10 16:13 10 8:10 10 

11:40 11 14:35 11 16:17 11 8:15 11 

11:44 12 14:40 12 16:22 12 8:18 12 

11:49 13 14:46 13 16:26 13 8:22 13 

11:53 14 14:50 14 16:30 14 8:25 14 

11:55 15 14:53 15 16:34 15 8:28 15 

11:56  16 14:55 16 16:37 16 8:30 16 

 

Table 9. June 21. 

Pile 11 Pile 12 

Time Drilled meters [m] Time Drilled meters [m] 

14:28 0 16:26 0 

14:31 1 16:30 1 

14:36 2 1634 2 

14:38 3 16:35 3 

14:39 4 16:35 4 

14:40 5 16:36 5 

14:42 6 16:38 6 

14:44 7 16:39 7 

14:48 8 16:45 8 

14:53 9 16:48 9 

14:58 10 16:52 10 

15:06 11 16:56 11 

15:10 12 17:01 12 

15:24 13 17:05 13 

15:27 14 17:09 14 

15:30 15 17:12 15 

15:42 16 17:15 16 
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Table 10. June 22. 

Pile 13 Pile 14 Pile 15 

Time Drilled 
meters 

Time Drilled 
meters 
[m] 

Time Drilled 
meters 
[m] 

7:45 0 10:05 0 12:35 0 

7:45 1 10:07 1 12:37 1 

7:45 2 10:09 2 12:39 2 

7:47 3 10:11 3 12:43 3 

7:48 4 10:12 4 12:45 4 

7:50 5 10:15 5 12:48 5 

7:51 6 10:15 6 12:50 6 

7:54 7 10:18 7 12:53 7 

7:58 8 10:23 8 12:57 8 

8:01 9 10:28 9 13:00 9 

8:06 10 10:34 10 13:04 10 

8:21 11 10:40 11 13:10 11 

8:25 12 10:45 12 13:15 12 

8:29 13 10:52 13 13:20 13 

8:33 14 11:06 14 13:23 14 

8:36 15 11:09 15 13:28 15 

8:39 16 11:13 16 13:32 16 

 

Table 11. June 26. 

Pile 16 Pile 17 Pile 18 

Time Drilled 
meters 
[m] 

Time Drilled 
meters 

Time Drilled 
meters 

10:22 0 13:48 0 16:30 0 

10:23 1 13:56 1 16:38 1 

10:27 2 13:59 2 16:42 2 

10:30 3 14:02 3 16:45 3 

10:33 4 14:05 4 16:47 4 

10:35 5 14:06 5 16:51 5 

10:36 6 14:08 6 16:54 6 

10:39 7 14:12 7 17:08 7 

10:43 8 14:15 8 17:10 8 

10:48 9 14:19 9 17:15 9 

10:53 10 14:23 10 17:19 10 

10:58 11 14:27 11 17:23 11 

11:02 12 14:31 12 17:27 12 

11:18 13 14:40 13 17:31 13 

11:22 14 14:53 14 17:35 14 

11:25 15 14:56 15 17:38 15 

11:29 16 15:02 16 17:42 16 
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Table 12. June 27. 

Pile 19 Pile 20 

Time Drilled meters [m] Time Drilled meters [m] 

8:05 0 17:22 0 

8:11 1 17:29 1 

8:17 2 17:32 2 

8:18 3 17:34 3 

8:19 4 17:37 4 

8:26 5 17:38 5 

8:28 6 17:38 6 

8:31 7 17:39 7 

8:36 8 17:40 8 

8:41 9 17:44 9 

8:50 10 17:46 10 

8:56 11 17:50 11 

9:00 12 17:53 12 

9:41 13 17:56 13 

9:45 14 17:58 14 

9:48 15 18:01 15 

10:04 16 18:05 16 
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The logged drilled meters for pile 1-20 with corresponding measured pore 

pressure in all measurement points in order of drilling.  
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The logged pore water pressure logged against each drilled meter presented for 

point A, B and C. The piles are presented in order of distance between the drilled 

pile and the measurement equipment starting with the shortest distance.  
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