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Abstract 

 
This Master’s thesis focuses on drilled pipe piles and their ability to transfer tensile 
forces. The tensile forces affecting pile foundations are usually transferred to the 
bedrock by rock anchors. If drilled pipe piles could transfer some of these tension forces, 
foundation work would be faster, easier and more cost-effective. This thesis is a 
continuation of a study published in 2014, which also investigated the tensile capacity of 
drilled pipe piles.  
 
This thesis consists of two main parts. The first part includes a literature study reviewing 
existing research on tension piles. It covers the different methods for transferring tensile 
forces, the geotechnical design of tension piles and the main problems in the design. The 
previous study investigated the tensile capacity of a standard smooth-surface pipe pile, 
identifying the bond strength between the pile surface and the grouting as the failure 
mechanism. For this reason, the second part of this thesis focuses on a pull-out test on 
pipe piles with a grooved surface. The measurements during the load test included 
monitoring the forces, strains and displacements.  
 
The literature review found several reasons to update current geotechnical design 
practices. It showed that the design methods are conservative and not at an optimal 
level of precision. Several recent studies have examined the tensile resistance of piles, 
revealing three main factors affecting bond strength: the relation between the diameter 
of the drill hole and that of the pile, the roughness of the steel surface and the quality of 
the grouting. Furthermore, the stresses are not distributed uniformly along the length of 
the pile, but are highest on the top of the pile and lowest at the tip of the pile. In 
addition, the bond strength cannot be increased by increasing the bond length.   
 
The results of the pull-out test proved that the bond strength of the pile is significantly 
increased by the grooved surface. However, over half of the steel piles could not be 
pulled out of the bedrock as loading had to be discontinued at the yield capacity of the 
steel piles for safety reasons. Thus, the actual tensile capacity of the piles remained 
undetermined. In addition to the impact of the grooves on the bond strength, the results 
of the pull-out test also confirmed the uneven distribution of the stresses and revealed 
the effect of the drill hole diameter in relation to the pile diameter.  
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Tiivistelmä 

Diplomityö käsittelee vetokuormitettuja teräsputkiporapaaluja. Tavallisesti 
paaluperustuksille tulevat vetokuormat siirretään kallioon ankkureiden välityksellä. Jos 
porapaaluilla saataisiin siirrettyä osa vetokuormista suoraan kallioon, voitaisiin 
rakenteita keventää ja samalla saada rakentamisesta kustannustehokkaampaa 
vähentämällä työn määrää ja materiaalia. Työ on jatkoa vuonna 2014 julkaistuun 
diplomityöhön, joka myös käsitteli vetokuormitettuja porapaaluja.   
 
Työ voidaan jakaa kahteen osaan. Ensimmäinen osa on kirjallisuuskatsaus, jossa on 
etsitty tietoa vetopaaluista. Tietoa on etsitty liittyen vetopaalutyyppeihin, niiden 
mitoitukseen ja ongelmakohtiin. Aiemmin julkaistussa diplomityössä havaittiin, että 
vetokuormitetun porapaalun heikoin kohta on teräksen ja injektoinnin välinen 
tartuntalujuus. Tässä työssä pyrittiin parantamaan tartuntalujuutta teräsputken pinnan 
muotoilulla. Työn toisessa osuudessa käsitellään muotoiltujen paalujen koekuormitusta 
ja siinä tehtyjä havaintoja. Staattisessa koekuormituksen aikana mitattiin tapahtuvia 
siirtymiä, voimia ja muodonmuutoksia, joiden perusteella analysoitiin teräspaalun 
vetokestävyyttä.   
 
Kirjallisuuskatsauksessa havaittiin, että nykyinen paalujen vetokestävyyden geotekninen 
mitoituskäytäntö ei ole toivotulla tasolla. Vaikka tutkimukset ja tieto on lisääntynyt, ei 
mitoitustapoja ole muutettu. Kirjallisuuskatsauksen perusteella teräksen pinnan 
karkeus, porareiän ja putken halkaisijoiden suhde ja injektoinnin laatu vaikuttavat 
eniten paalun vetokapasiteettiin. Kuitenkin mitoituksessa huomioidaan yleensä 
ainoastaan paalun halkaisija, injektointimassan lujuus ja paalun tartuntapituus. Lisäksi 
kirjallisuustutkimuksessa havaittiin, että paaluun siirtyvät jännitykset eivät jakaannu 
tasaisesti paalun pituudelle. Myöskään paalun tartuntapituutta kasvattamalla ei voida 
lisätä paalun tartuntalujuutta.  
 
Koekuormituksessa huomattiin paalun pinnalle tehdyn muotoilun parantavan 
tartuntalujuutta merkittävästi. Valitettavasti kaikkia paaluja ei onnistuttu 
kuormittamaan murtoon ja paalujen todellista vetokestävyyttä ei näin pystytty 
määrittämään. Tarpeettomien turvallisuusriskien välttämiseksi, paalujen kuormitus 
lopetettiin paalujen laskennalliseen myötökapasiteettiin. Vetokokeen tuloksista 
havaittiin jännitysten epätasainen jakautuminen paalun tartuntapituudelle, sekä 
porareiän ja putken halkaisijan suhteen vaikutus tartuntalujuuteen.  
 

Avainsanat: Teräsputkipaalu, porapaalu, vetopaalu, tartuntalujuus, vetokuormitus, uritus 
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Abbreviations and symbols  
 

CSG-RD   Drilled and grouted pipe pile provided by SSAB 

CSG-RR   Driven and grouted pipe pile provided by SSAB 

DTH  Down-the-hole hammer 

GTK  Geological Survey of Finland 

HEB    Beam with H-shaped cross-section made according to 

European standard 

OD  Overburden drilling 

RD   Drilled pipe pile provided by SSAB 

RIL  Rakennusinsinööriliitto, Finnish Association of Civil 

Engineers 

RR   Driven pipe pile provided by SSAB  

SMC  SMART Contractometer 

STP  Suomen Teräspaalutus Oy, Finnish piling company 

USDT  United States Department of Transportation  

 

𝐷  [m] The length of the drilled rock hole 

𝐹𝑡;𝑑  [N] Tensile force, design factor 

𝐺𝑑𝑠𝑡;𝑑  [N] Design value for unfavorable permanent load in uplift design 

𝐺𝑠𝑡𝑏;𝑑 [N] Design value of stabilizing permanent load  

𝐿𝑚𝑖𝑛  [m] Anchoring length in irregularly fractured rock 

𝑄𝑑𝑠𝑡;𝑑  [N] Design value for unfavorable variable load in uplift design 

𝑅𝑑 [N] Design value for additional resistance  

𝑅𝑠;𝑘  [N] Geotechnical resistance of pile  

(𝑅𝑡;𝑚)𝑚𝑒𝑎𝑛 [N] Measured mean value for tensile resistance 

(𝑅𝑡;𝑚)𝑚𝑖𝑛  [N] Measured minimum value for tensile resistance 

𝑅𝑡,𝑘  [N] Characteristic value for piles tensile resistance 

𝑉𝑑𝑠𝑡;𝑑  [N] Design value for unfavorable vertical load directed to  

the structure 

𝑑 [m] Diameter of the drill hole 

𝑓𝑐𝑡𝑘 [Pa] Tensile strength of concrete/grouting 

𝑘𝑏  Pile surface friction factor 

𝜏𝑠;𝑘  [Pa] Characteristic bond strength between pile and 

  concrete/grouting 

𝛾 [kN/m3] Unit weight of the rock mass 

𝜉1, 𝜉2   Correlation factors, which depend on number of tested piles 

𝜑  [o] The angle of deformed rock cone; 45o on  

homogeneous rock and 30o on fractured rock 
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1 Introduction 
A steel pipe pile that is drilled into the bedrock is a relatively new piling method. 

Several properties have made it profitable although it is one of the most expensive 

piling methods. These properties have also rapidly increased the use of drilled pipe 

piles. First, the achieved rock contact is reliable, second the machinery is compact and 

suitable for almost anywhere and third the drilled pile can easily pass through firm soil 

strata and boulders. Beside all these properties, the minimum soil disturbance may be 

the main reason for the increased use. The need for replacement piles grows as 

upcoming construction projects are located right next to old buildings in poor 

foundation conditions.  

 

Urbanization makes construction work in cities more difficult since the load 

combinations become more complex and construction projects are located in 

increasingly cramped areas. This results in a greater need for more effective solutions. 

Large, heavy counterweight structures often transfer tensile loads. If drilled piles could 

transfer some of the tensile loads formed to the structure, the cost savings could be 

significant. For this reason it is important to investigate what options are available to 

improve tensile capacity and how much these methods increase the tensile capacity of 

drilled piles in practice? 

 

This Master’s thesis is a continuation of a study about drilled pipe piles under tensile 

forces. The title of the previous study was: “The grouted and anchored drilled pile in the 

bedrock”. The author of the thesis was Marko Ahomies from Ramboll Finland Oy and 

the study was done in cooperation with Finnish Transport Agency and SSAB. The study 

contained a pull-out test for 15 steel pipe piles which were drilled and grouted into the 

bedrock. The results showed that the most common failure mechanism of the tension 

piles was the failure of the bond capacity between the steel and grouting. Based on this, 

the purpose of this study is to investigate methods to improve the tensile capacity and 

especially the bond capacity of drilled and grouted pipe piles. Literature was studied to 

identify methods to improve the tensile capacity and a pull-out test was conducted to 

investigate the bond capacity. To be more precise, the pull-out test examined the bond 

strength of drilled and grouted pipe piles that had cut grooves on the surface.   

  

This thesis begins with descriptions of a steel pipe pile, drilled pile and tension pile. 

After that, the study combines these properties into one pile. The third chapter compiles 

different methods of transferring tensile forces and presents the practices of 

geotechnical design. The fourth chapter identifies all the key factors affecting the 

geotechnical tensile resistance of drilled piles and establishes their relevance to tensile 

capacity. The main purpose of the literature review was to identify the main factors 

affecting the bond strength between grouting and steel. The most effective method of 

increasing the bond strength is to reinforce the steel surface. This study presents two 

reinforcement methods: ribs or grooves. The word “rib” means a reinforcement that is 

on the steel surface and the word “groove” means a reinforcement that is cut into the 

steel surface. The literature review presents information from related studies and 

discusses the topics through these studies. 

 

The pull-out test is the second part of the study. The test was arranged in Finland in the 

summer of 2015. In the test, 13 drilled and grouted pipe piles were tested. Seven of the 

piles were RD140/10 piles and six of the piles were RD220/10 piles. All piles were 

drilled two and a half meters into the bedrock. The purpose was to test the effect of a 
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grooved pile surface to the bond strength and at the same time to test the total pull-out 

capacity. Piles were also monitored during the load test. Monitoring included force, 

strain and displacement measurements. The displacements were monitored from the pile 

surface and from the bedrock surface. Chapter 5 presents the load test in more detail; it 

describes the methods that were used in the execution of piles and the methods used in 

the pull-out test. Chapter 6 presents the results from the pull-out test and an analysis of 

the results. It also takes a stand on the possible errors in the test and suggests topics for 

further studies. Chapter 7 presents the conclusions from the literature review and pull-

out test.       
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2 Steel pipe piles drilled into the bedrock  

2.1 Steel pipe piles 

The Eurocode standard has set out requirements for the material used in construction 

projects. Standards EN 10219-1 and EN 10210-1 present the regulations for the material 

of steel piles. All products must have CE marking, which proves they comply with 

European Union directives. The manufacturer of the steel piles is required to deliver the 

material certificates before construction work begins. (1) 

 

The Swedish steel company SSAB manufactures RD, RR, CSG-RR and CSG-RD piles. 

The pile types differ by their installation method. RD piles are drilled piles, RR piles are 

driven piles, CSG-RR piles are injected driven piles and CSG-RD piles are injected 

drilled piles. SSAB has CE marking for the pipe pile system that applies to the entire 

structure of the pile. This study is concerned with RD piles. (2) 

 

The RD pile system was developed by the Finnish company Rautaruukki Corporation, 

which merged with SSAB in 2014. The system covers a complete pile, including top 

plate, steel pipes, the splices of piles which can be threaded or welded, and the drill bit. 

The diameter of drilled steel pipe piles ranges from 90 mm to 1200 mm. Figure 1 

illustrates the RD pile system. A ring bit and/or a casing shoe are at the lowest part, on 

the pile tip. The bearing plate is at the top of the pile. The drilling is done through the 

pipe pile. The pilot bit is connected to the ring bit or to the casing shoe. (2) 

 

 
Figure 1. Structure of the RD-pile (2) 
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RD piles are produced in three basic steel grades. The original steel grade for small 

diameter piles is S440J2H and the newer invention is S550J2H. When the diameter of 

the pile is over 400 mm, the basic steel quality is S355J2H, but also piles in steel grades 

of S440J2H and S550J2H are available. Pile elements are normally 6 m or 12 m long, 

and the elements can be spliced by welding or with special threaded sleeve splices. (3) 

 

Welded splices need to withstand the stresses arising during installation and service life. 

Both welding rods and cored arc welding are suitable for splicing. Standard EN ISO 

3834-4 presents the rules for welding. The welding class, defined by the designer, is 

based on piling class. The piling class illustrates the challenge of the work and depends 

on a consequence class and a geotechnical class. (1) 

 

When steel piles are part of temporary structures, the material can be recycled 

afterwards. Recycled steel elements need to meet the requirements presented in the 

design. These requirements can mean shape, dimensions or material specifications. 

Recycled material must not be damaged, include toxic substances nor corrosion that 

could affect the strength or long term resistance of the material. (4)  

2.2 Drilled piles 

European standards divide piles into three categories; displacement piles, bored piles 

and micropiles. The standard for displacement piles covers piles installed by driving or 

compressing. The standard for bored piles covers replacement piles that have a diameter 

of 300 mm or more. A replacement pile is a pile which uses an installation method that 

does not cause soil displacements. Possible installation methods are excavating and 

drilling. The micropile standard covers drilled piles with a diameter of less than 300 

mm. Micropiles can be designed to receive both compression and tensile loads. This 

study is about micropiles that transfer tensile loads. The European standard for 

micropiles is EN 14199 execution of special geotechnical works – Micropiles. (1) 

 

The execution of drilled piles is based on four drilling components: feed force, rotation, 

percussion and flushing. All these components are in connection with a drill rig. Figure 

2 shows a typical drill rig and its main parts. The rig weights about 15 tonnes and the 

length of the boom is about seven meters. Smaller drill rigs are available and the 

smallest rigs can weigh about 1,000 kg. Small rigs are useful in cramped spaces like 

basements. Drilling also requires a casing pipe to prevent the soil from collapsing into 

the drill hole. During drilling, the drill rods are inside the casing. The casing is not 

shown in Figure 2.  
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Figure 2. Drilling rig  

 

Drilling can be done with a centralized drilling head or with an eccentric drilling 

reamer. Figure 3 shows both drilling methods. In eccentric drilling, the eccentric reamer 

rotates in front of the casing. The reamer cuts space for the casing to penetrate the soil 

or bedrock. When the drilling head is rotated back to the centralized position, it can be 

pulled out of the casing. In the centralized drilling method, the drilling tools are a pilot 

bit and a ring bit. The ring bit is welded to the casing and the pilot bit is joined with 

threads to the drill rods. While drilling, the pilot bit is locked in the ring bit and drags 

the ring bit and the casing behind itself. When drilling is finished, the pilot bit can be 

lifted out of the drilled hole by rotating it in the opposite direction to unlock the pilot bit 

from the ring bit. The ring bit is left in the hole. (5) 

 

In eccentric drilling the casing is always left above the bottom of the drill hole. The 

designer of the drilled piles should always take this into account (5). The centralized 

drilling method is more expensive, because the ring bit is left in the borehole. However 

competition among suppliers is increasing and more profitable ring bits are entering the 

market.   
 

 
Figure 3. Centralized and eccentric drilling methods (edited from the original) (5) 

Centralized drilling 

Eccentric drilling 



14 

 

 

Drilling can be made using a top hammer or a down-the-hole hammer. In top hammer 

drilling, the hammer directs the rotation and percussion to the drill rods above the 

ground surface. Rotation and percussion are transmitted through the drill rods to the 

pilot bit. In down-the-hole (DTH) hammer drilling, the hammer is between the drill rods 

and the pilot bit. Because the hammer directs the stroke straight to the pilot bit, the 

percussion is directed straight at the bottom of the hole. Figure 4 shows the basic 

principles of down-the-hole hammer and top hammer drilling. Down-the-hole hammer 

is on the left (A) and top hammer is on the right (B). (5) 

 

 
Figure 4. Basic difference between down-the-hole hammer and top hammer drilling (5) 

 

The down-the-hole hammer is usually used when the pile diameter is over 150 mm. 

DTH drilling is also a more suitable method when the pile is long or the strength of rock 

is high. The drill unit is connected to the drill rods and arranges the rotational 

movement in both methods. The drilling method in Figure 2, is down-the-hole drilling, 

hence the hammer is between the drilling rods and the pilot bit. The drill unit is 

connected to the boom and produces feed force and rotation to the drill rods and 

hammer. Top hammer drilling is a more conventional drilling method and its weakness 

is that the percussion is easily damped to the drill rods. Percussion is damped when it 

hits the empty space between the threads. (5) 

 

Flushing ensures that the drilling equipment does not get blocked and it transports the 

drill cuttings away from the drill hole. Flushing can be done using water or air. 

Percussion damping is also avoided when flushing carries the drill cutting away from 

the drill hole. When the drilling fluid is air, a compressor is used to induce the 

compressed air. If the drilling fluid is water, a suitable high-pressure water pump is used 

to induce the water flow for the DTH water hammer. Water pumps can induce water at 

a rate of 800 l/min and at a pressure of 160 bars. For example, a company called LKAB 

Wassara AB manufactures this kind of drilling equipment. Water drilling is the most 

suitable drilling method where there are nearby buildings.  
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The drill hole is cleaned and measured after the casing has reached the target depth. A 

complete pile can consist of the casing, the casing filled with concrete or of only 

concrete when the casing is lifted after the pile has been cast (5). A drilled pile needs to 

penetrate into the bedrock for at least half a meter or a length equaling three times the 

diameter (1). Cleaning can be done using water or compressed air. The grouting might 

not distribute evenly if water or soil is able to flow into the drill hole. This is why pile 

grouting should always be done immediately after the drilling and cleaning of the pile. 

(4) 

2.3 Favorable conditions for drilled piles  

The development of the drilled piles is based on Nordic foundation conditions, where 

most of the piles are end-bearing piles. Figure 5 illustrates the difference between an 

end-bearing pile and a friction pile. Whereas with a friction pile most of the load is 

transferred to the surrounding soil through the shaft, an end-bearing pile transfers most 

of the load to the bearing soil layer through the tip of the pile. Load transferring 

capacity of pile shaft is called shaft resistance and the capacity of pile tip is called base 

resistance.  

 

     

Figure 5. Friction pile and end-bearing pile (6) 

 

In Nordic countries, the uppermost soil strata are often soft clay or silt, with generally a 

dense layer of glacial till and hard bedrock beneath. The normal uniaxial compression 

strength for Finnish bedrock is between 150 – 300 MPa and the surface of the bedrock 

is an average of seven meters below the ground surface (7). When the length of the pile 

increases and the pile extends deeper, the prevailing pressure on the pile surface 

increases. This increases the shaft resistance on the surface of the pile which will start to 

transfer loads that are directed to the pile.  Hence, as the length of the pile increases, the 

need for base resistance decreases. Because of this, efficient use of end-bearing piles 

requires sufficiently thin strata of soft soil above the bearing layer. The optimal length 

for the end-bearing pile depends on several factors, such as soil type, the thickness of 

the soft soil strata, the pile material and diameter. 

 

Micropiles are widely used in building renovation work, because of the small 

equipment. Otherwise, the possibility of working on relatively weak soils, minor soil 

displacement and the assurance of a proper rock contact favor the use of drilled piles. 

Drilling can ensure firm contact with the bedrock. This is useful where the bedrock 

surface is sloping or uneven. When the tolerance requirements for pile location are 

demanding, drilling is the most reliable installation method. Furthermore, drilling is the 

most suitable method in boulderous and compact soils.  
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Designers should always consider the impact of soil displacement when using pile 

foundations. Soil displacements and compacting can damage nearby structures or 

buildings. At the same time, soil displacements can cause a developing of the pore 

pressure. Drilled piles, which basically do not cause soil displacements can help to 

avoid these risks. Only the flushing, that needs to be done during the drilling, can 

disturb the surrounding soil. 

2.4 Concrete and grouting 

The purpose of grouting is to form adhesion between the pile and soil, to protect the 

steel from corrosion, increase the bearing capacity of the pile and/or compact and 

strengthen the surrounding soil. High-pressure grouting increases the shaft resistance of 

the pile, because it ensures proper spreading of the grout and raises the stresses on the 

soil and on surface of grout. If the pile is reinforced, the pile surrounding can be grouted 

before or after installing the reinforcement. (4)  

 

When manufacturing of the grout it is necessary to ensure that the designed strength is 

achieved. The grout manufacturer’s instructions must be followed during grouting and 

the use of a dosing device might be helpful. The mixing equipment should provide a 

homogenous grout. An agitator between the mixer and the pump will improve grout 

quality. Grouting should be done as soon as possible after the drilling. Proper 

measurements should ensure the complete filling of the drill hole. The required quality 

is only achieved by sufficient removing air and drill cutting from the drill hole. Also 

dosing should be investigated regularly. The quality requirements for mortar and 

grouting state that the mass should be self-compacting and have high plasticity, a good 

resistance for separation and good fluidity properties. Also as much time as needed 

should be allowed for workability. (4)  

 

If piles are cast with concrete, the manufacture and quality of the concrete must comply 

with standard EN 206-1. The cement used for making the concrete, grout or injection 

material must comply with standard EN 197-1. The minimum strength class for grout is 

C20/25 and the water-cement ratio needs to be 0.55 or less if the designs do not include 

any further requirements. If the environment is aggressive, standard EN 206-1 must be 

complied with also for grouting. (1) 

 

The composition of the grouting material and method needs to be designed and 

implemented based on the requirements set by the upcoming structure and the 

surrounding environment. The compression strength of the grouting should be at least 

25 MPa after 28 days or when the test is carried out. The quality of the mixture should 

be verified by a laboratory test or on a construction site in accordance with standard EN 

445. Maximum water separation should not exceed 3% over a two-hour period. (4) 

 

Eurocode recommends testing the density viscosity and water separation (bleed) of the 

grout on a construction site. The minimum number of test samples in a seven-day period 

is two series of three samples of the grouting. Compression strength and flexural 

strength should be measured from the grout samples. (4) 

 

Measuring of flexural strength 

Equipment for determination of the flexural strength must be as presented in standard 

EN 196-1. Figure 6 illustrates test apparatus for measuring of the flexural strength. The 

apparatus have three steel rollers, of which two are under the sample and one is above 
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the sample. As the sample is assembled on two rollers on the long side, the sample is 10 

mm above a table. Rollers locate about 30 mm away from the ends of the sample and 

about 100 mm from each other. The third roller, which is located above the sample, is in 

the middle of the sample. Load machinery is required to be able to produce 10 kN 

loading to the sample. To avoid torsional stresses, the rollers must be able to tilt. Thus it 

is ensured that the loading is uniform to the specimen. (8) 

 

 
Figure 6. Flexural strength test (8) 

 

Measuring of compressive strength  

Requires for determination of the compressive strength are presented in standard EN 

196-1. Figure 7 illustrates principals of the test apparatus. Measuring equipment should 

be able to measure the highest loading before failure and it should remember this value 

after unloading. The compression loading machine should produce a steadily (0.5 kN/s) 

increasing loading. Vertical loading axis of the machine must be parallel to the 

movement of the ram hence the loading resultant force goes through in the middle of the 

sample. (8)  

 

 
Figure 7. Compression strength test (8) 
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2.5 Quality assurance on construction sites 

The contractor prepares a quality plan for a client before beginning piling work. This 

quality plan should, for example, include information about pile transportation and 

storages, the required piling equipment and material, a welding plan, test piles, proof of 

cleared bedrock contact and environmental factors. If the surrounding structures are 

sensitive to displacement, the drilling crew should follow the ground movements. The 

contractor needs to specify the drilling method, the minimum drilling length and any 

grouting method to ensure the piles reach down to the load-bearing layer or to the 

bedrock.  

 

Quality assurance during piling work is done using quality documentation, which 

consists of two parts. The first part deals with general information about the work such 

as pile type, reinforcement, grouting and other basic phases. The second part deals with 

each pile separately. All deviations from the designs need to be documented in the 

second part. Otherwise, useful information includes the pile number, drilling and 

grouting dates, pile length, the number of joints and any observations made about the 

quality of soil. 
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3 Tension piles 

3.1 Methods of transferring tensile forces 

3.1.1 Tension piles in Finland 

The geotechnical design of drilled piles takes into account the bond strength between 

the casing and rock. The design of tension piles utilizes this. When piles receive tensile 

forces, the capacity of at least one of the piles needs to be load tested. If tensile loads 

affect a foundation, at least 2% of the piles need to be tested. (1) 

The following examines an RD pile under tensile forces and other methods commonly 

used in Finland to transfer tensile forces. These methods are anchors, through grouted 

micropiles, steel core piles and a rock sockets. Anchors are usually used to receive the 

tensile loads and transfer them to the bedrock.  

The tensile resistance of RD piles 

SSAB has published a design, installation and quality assurance manual for RD piles. 

This manual includes advice on the design of RD piles that transfer tensile forces. RD 

piles are not tension piles as such, they need to be grouted and the grout quality needs to 

be tested. Geotechnical design includes the determination of the bond capacity between 

the steel and grouting and between the grouting and bedrock, and an investigation of the 

possibility that a rock cone will detach. Steel cores, anchors or rock sockets can be used 

to increase the tensile capacity of RD piles. When piles are anchored into the bedrock, 

anchors must transfer all tensile forces. These methods are discussed in more detail 

elsewhere in this chapter.  

 

A designer should investigate the depth of the rock surface and the quality of the 

bedrock. Trial piles can optimize the design, because they reveal the actual behavior of 

piles. Drilled piles should reach the solid rock, but if the bedrock is fractured, another 

alternative is to inject the fractures. If the splices of the pile are threaded sleeve splices, 

the maximum tensile resistance is 50% of the compression capacity of the pile. (2) 

 

To ensure bond resistance, it is important to clean the drill hole properly before the 

grouting the pile. Grouting quality can be improved using two methods. First, drilling 

can be continued with a rock crown even after the casing is at the target depth. Hence it 

is possible to ensure that the grout will reach the space between the bedrock and the 

casing. Another option is to use a ring bit and a casing shoe designed for grouting. 

These drilling tools include grouting holes to ensure sufficient grouting.  

 

A computational value for the bond capacity between bedrock and grouting depends on 

the bond length, the diameter of the crown and the bond strength of the grouting. The 

bond strength between grouting and a steel pile depends also on the roughness of the 

steel surface. The impact of the roughness is taken into account using a bond factor. If 

the surface of the steel is smooth, the bond factor is 0.7 and for a standard threaded 

reinforcement bar, the bond factor is 2.0. Due to this, the total bond capacity will be 

285% greater for threaded steel than for smooth surface steel. Chapter 3.2 examines this 

calculation in more detail. (1) 

 

According to Finnish piling instructions (1), the bond strength between rock and 

grouting should always be smaller than the bond strength between steel and grouting. 
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Table 1 shows the characteristic bond strengths. It is also noticeable that the minimum 

bond strength between grouting and steel is always at least twice as big as the bond 

strength between grouting and rock. On the other hand, the actual bond area between 

steel and grouting is always smaller than the area between rock and grouting. Thus the 

real bond capacity between grouting and steel can be dimensioning. However, for this to 

happen, the diameter of the rock hole needs to be more than twice the diameter of the 

steel pipe. This is never the case with the RD piles with normal ring bits. (1) 

 
Table 1. Characteristic bond strength (1) 

The strength class of 

 concrete/grouting  

Minimum value for the bond strength between 

Grouting and steel (MPa) Grouting and rock (MPa) 

C20/25 1.05 0.50 

C25/30 1.26 0.55 

C30/37 1.40 0.60 

C35/45 1.54 0.65 

C40/50 1.75 0.70 

C45/55 1.89 0.75 

Through-grouted drilled piles and anchors  

Through-grouted drilled piles can be used as a pile or as an anchor. These piles can take 

both tensile and compression loads. They are quick to install; the drill rod is drilled into 

ground and grouting is done at the same time as the drilling itself. Most through-grouted 

micropiles have a patent for a unique material and drilling system. A Titan hollow-

grouted micropile is presented below as an example.  

 

The grouting of ta Titan micropile requires a maximum pressure of 20 bars and a 

maximum water-cement ratio of 0.7. Investigations have proved that the diameter of the 

grouting that forms around the hollow steel pile is 2 times greater than the pilot bit size. 

The pilot bit and the rods are left in the drill hole as a part of the final structure. Drilling 

is done with a top hammer. (9) 

 

Through-grouted piles provide much higher tensile capacity, compared with a normal 

pile of the same size. This is because of the large diameter of the grouting that increases 

the tensile resistance. A thick layer of grouting also ensures corrosion protection. 

Because the grouting is done at high pressure during drilling, the grout will displace soil 

and spread around the drill rods. Figure 8 shows the cross-sections of a through-grouted 

micropile. The outermost layer (blue area in Figure 8) is assumed to be a mixture of soil 

and grouting. The capacity for Titan piles is typically between 100 – 1,500 kN. (9) 
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Figure 8. Titan hollow-grouted micropile (10) 

Steel core pile  

A steel core pile is otherwise like a standard drilled pipe pile, but has an extra 

reinforcement that secures its connection to the bedrock. The installation method is 

almost exactly the same as for a standard drilled pile, but when the casing has reached 

the target depth, drilling is continued with a rock crown. The diameter of the rock crown 

is smaller than the diameter of the casing and the ring bit. Hence it is possible to 

continue drilling without the casing until the desired bond length for the reinforcement 

is reached. The drilling crown is then lifted at the target depth, the hole is filled with 

concrete and the steel rod is installed into the drill hole. (5) 

 

When the steel core extends deeper into the bedrock and is grouted, the pile can take 

both compression and tensile forces. The average capacity of a steel core pile varies 

between 400 kN to 4,000 kN. If the steel core pile operates as an anchor, the force for 

prestressing can be minimized. This is because the core is much larger and rigid than a 

traditional anchor. At the same time, the displacement remains small. The tensile 

capacity of the steel core can be increased by increasing the bond strength between the 

steel core and concrete. Bond strength can be increased by, for example, welding steel 

wire around the steel core. (11) 

 

The greatest benefit of steel core piles is that pile quality is assured for each section of 

the pile. For the same reason, a steel core achieves corrosion protection for the entire 

length. A normal size of the casing is between 140-320 mm, and the diameter of the 

steel core varies between 90-150 mm. Also bigger sizes have been used. Optimal use of 

a steel core pile requires bedrock strength of at least 50-100 MPa to achieve adequate 

bearing capacity to meet the costs of the drilling and the steel core. Hence, steel core 

piles are often used in the Nordic countries, where the compression strength of the 

bedrock is usually greater than 200 MPa. (11) 
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Rock anchors 

There are two types of anchors: ground anchors and rock anchors. The focus here is on 

rock anchors. First of all, the drill casing can be a temporary casing or a permanent 

casing, and the anchors can be steel wires or bars. The basic method is to drill the casing 

about 0.5 m into the bedrock and then change the drilling head to a rock crown. Drilling 

is then continued until the desired bond length for the anchor is reached. The hole is 

filled with grouting and the anchor is installed into the hole. If the casing is only 

temporary, it is lifted out.  

 

An anchor can be temporary, just for the construction period, or it can be permanent 

when it is required to carry the tensile forces during the entire service life of the 

structure. The main practical difference between these two types is that a permanent 

anchor requires proper corrosion protection. Also different safety factors are used in the 

design. Both permanent and temporary anchors can be active or passive anchors. Active 

anchors are pre-stressed, so they begin to transfer loads immediately after the anchor is 

pre-stressed. Passive anchors are not pre-stressed and begin to transfer loads only after 

some displacement has occurred. This means displacement will be larger with passive 

anchors than with active anchors. 

 

The tensile capacity of a rock anchor varies normally between 500 kN and 2,500 kN. 

The anchors can also take bigger loads, but then anchor size will grow and the work will 

become more difficult. Anchors can also be a part of a pile. In this case, the anchor is 

drilled through the pile once the pile is at its target depth and before being cast.   

Rock socket 

When a pile has a rock socket, the drilling is continued after the casing part is at its 

target depth. The term rock socket refers to the added length that is drilled without the 

casing. A rock socket is similar to a steel core pile, but the reinforcement is different. 

The socket can be filled with only concrete or it can be reinforced. Reinforcement is 

often formed from bars or it can be a cage made from reinforcement bars. Rock sockets 

are more often used with large diameter piles.  

3.1.2 Tension piles in other countries 

As described earlier, in Finland and the other Nordic countries, the bedrock surface is 

not far below the ground surface and the bedrock strength is typically high. In other 

parts of Europe, the bedrock is deep down and can be relatively soft without a clear 

surface. The variations in soil and rock characters result in differences in design in 

different countries. Many methods that are suitable for use in Finland will not work and 

do not pay in other countries. Hence, methods used in other countries are not always 

directly applicable to Finland.  

 

Europe 

European standards only touch on tension and drilled piles. German standards state that 

tension piles should always be designed based on load tests. The use of empirical data is 

permitted only in exceptional cases. Drilled pipe piles are used for deep wells and 

energy purposes, rather than as construction piles. The more common method for 

tension piles is tubular grouted piles which are known also as through-grouted 

micropiles. (12) 

 

Micropiles have been used in Poland in poor foundation conditions and to transfer 

tensile forces. A road tunnel under the Dead Vistula river was constructed using 3,300 
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micropiles, which had a total length of about 39 km. Before starting work on the tunnel, 

four micropiles were drilled and tested. Their purpose was to investigate the bond 

strength between the grouting and steel. A mean characteristic bond value of 2.1 MPa 

was observed. With a safety factor of two (FOS = 2), the allowable tensile capacity was 

2.50 MN for a 10-meter long pile.  (13) 

 

The Vistula river construction site was a challenging environment to work in. The 

designer had to investigate the uplift forces for every construction phase. The design of 

the construction phases and to the quality control procedure of the work needed 

everyone’s attention. The designer used several numerical calculation methods to ensure 

all final designs. Before the actual construction, the contractor had to test most of the 

installation methods for different phases to make sure the results would meet the quality 

requirements. (13) 

 

Malaysia 

In Malaysia, the bedrock quality and the short construction time affect the use of drilled 

piles. The diameter of the micropiles varies between 100 mm and 350 mm. Their main 

use is in underpinning and remedial work. Micropiles are also used for slope 

stabilization. The piles design is often determined according to displacement (6). The 

minimum bond length for drilled piles is three meters if they transfer tensile stresses. 

The ultimate bond strength depends on the bedrock conditions. The main risk with end-

bearing piles is the cleanliness of the rock hole. Cleaning work is difficult and its 

quality is hard to prove. (14) 

 

North America 

In Manhattan, San Francisco and many Canadian provinces the surface of hard rock is 

at a depth of 20-40 meters (14). Soft soil, large loads and a compactly built environment 

provide challenges for construction. The demand for new methods, like drilled pipe 

piles, has increased. (15) Many companies in New York are already offering drilled 

piles for construction. In replacement piles, the main pile types have been bored piles 

and drilled shafts.  

 

The United States Department of Transportation (USDT) classifies micropiles as 

displacement and replacement piles. Drilled piles are classified as replacement piles. 

The USDT divides drilled piles into four categories depending on the grouting method. 

Also subcategories are made depending on the reinforcement and the use of casing. In 

the US, end-bearing micropiles are rare and the base resistance is often neglected from 

the calculations. The bond strength between the grouting and soil is normally the 

determining factor when piles are in the soil. The USDT recommends using 2.0-3.5 

MPa as the ultimate bond strength for deformed bars. (16) 

 

The USDT’s manual for design and construction of micropiles (16) does not consider 

grouting that is around the casing as reliable corrosion protection. If the environment is 

aggressive, the casing should not carry any tensile loads. The USDT’s manual does not 

consider different coatings to be reliable either, because they will be easily damaged 

during drilling. For compression piles, corrosion protection is typically made using 

sacrificial steel thickness. (16) 

 

North America uses a composite micropile shown in Figure 9 below. This type of pile is 

suitable for foundations of electrical transmission structures, like pylons, where major 

moment forces often occur. Many electrical transmission structures are located in places 
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that are difficult to access. However, the pressure to develop electrical transmission 

structures is increasing in line with population and demands growth. A composite 

micropile consists of a casing part and a bond zone. The upper part is designed for 

lateral forces and the lower part for transferring the axial forces. Experiences prove that 

composite micropiles are easy to design for different geotechnical circumstances. The 

equipment is simple to transport and the installation does not require large machinery or 

a load-bearing work platform. A composite micropile also offers high bearing capacity. 

(17) 

 
Figure 9. Composite micropile used in North America (17) 

 

A project in Nova Scotia, Canada, used micropiles for the construction of a new 

highway 104 for West River Bridge. The project was carried out in 2011. Micropiles 

were earlier used in Canada primarily for renovation work. The project design examined 

different foundation methods for the bridge. The two methods that remain in discussion 

were caissons and micropiles. Finally, micropiles were selected due to their minimal 

disturbance to soil, better bond capacity and more effective use of capacity. The 

micropiles had a bond zone diameter of 340 mm and a length of eight meters. Grouting 

was pressurized and drilling was done using percussive duplex drilling. In trial piles, the 

failure load was 2,669 kN and the bond strength was 312 kPa. (18) 

 

One newer piling method in the USA for dealing with tensile forces is a helical pile, 

which is similar to a screw pile. Figure 10 shows a helical pile, which is not really a 

drilled pile, but in the USA is classified as a drilled pile. Its main use has been in 

renovation and underpinning work, but it is also used in new construction projects. The 

benefits of the helical pile are quick installation, no concreting, reusability and minimal 

environmental disturbance. (19) 
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Figure 10. Helical pile (20) 

3.2 Tension pile design according to Eurocode 

3.2.1 Tension pile design in general 

Tension piles must be designed according to standard EN 1997-1 Geotechnical design 

(1). This study covers the issues of relevance in the geotechnical design of tension piles.  

 

The following chapters describe several aspects that need to be considered in the design 

of tension piles that are drilled into the bedrock. First, the bond capacity between 

grouting and rock must be checked. This mainly depends on the grout quality. Second, 

the bond capacity between the grouting and steel needs to be sufficiently high. Pile 

failure can also occur due to a rock cone failure. This means that the rock cone, where 

the pile is connected, will exceed its pull-out capacity and the cone will loosen from the 

surrounding rock.  

3.2.2 Bond capacity 

Bond strength between the pile and concrete can be calculated using Equation 1. The 

compression strength of the grouting mass and the shaft resistance of the pile determine 

the tensile strength of the pile. Table 2 shows values for the tensile strength of the 

concrete. (1) 

 
𝝉𝒔;𝒌 = 𝒌𝒃𝒇𝒄𝒕𝒌    (1) 

   

where,  

  

𝜏𝑠;𝑘 characteristic bond strength between pile and concrete/grouting  

𝑓𝑐𝑡𝑘 the tensile strength of concrete/grouting 

𝑘𝑏 friction factor for the surface of the pile;  

- for smooth surface 𝑘𝑏= 0,7 

- for threaded surface 𝑘𝑏= 2,0  



26 

 

 
Table 2. The tensile strength (𝒇𝒄𝒕𝒌) of concrete or grouting (1) 

Strength class of 

concrete/grouting 

Tensile strength of 

concrete/grouting (MPa) 

Bond strength between 

rock and concrete/grouting 

(MPa) 

C20/25 1.50 0.50 - 1.00  

C25/30 1.80 0.55 - 1.10  

C30/37 2.00 0.60 - 1.20  

C35/45 2.20 0.65 - 1.30  

C40/50 2.50 0.70 - 1.40  

C45/55 2.70 0.75 - 1.50  

 

If the grouting spreads evenly between the drill hole and steel along the total length of 

the pile, the geotechnical bond resistance on the surface of the pile (𝑅𝑠;𝑘) can be 

calculated using Equation 2. This equation is suitable for determining the bond capacity 

between grouting and rock and between grouting and steel. (1) 

 
𝑹𝒔;𝒌 = 𝝅 ∙ 𝒅 ∙ 𝑫 ∙ 𝝉𝒔;𝒌   (2) 

 

where, 

 

𝑑  the diameter of the drill hole (m) 

𝐷 the length of the drilled rock hole (m) 

3.2.3 Tensile capacity from the load test 

Tensile strength needs to be tested if design includes piles that are under tensile forces. 

The characteristic value for the tensile resistance (𝑅𝑡,𝑘) can be calculated using Equation 

3. The correlation factors are shown in Table 3. (1) 

 

𝑹𝒕,𝒌 = 𝑴𝒊𝒏 {
(𝑹𝒕;𝒎)𝒎𝒆𝒂𝒏

𝝃𝟏
;

(𝑹𝒕;𝒎)𝒎𝒊𝒏

𝝃𝟐
}   (3) 

 

where, 

 

(𝑅𝑡;𝑚)𝑚𝑒𝑎𝑛 measured mean value for the tensile resistance 

(𝑅𝑡;𝑚)𝑚𝑖𝑛  measured minimum value for the tensile resistance 

𝜉1, 𝜉2  correlation factors, which depend on the number of tested piles  

 
Table 3. Correlation factors for tensile resistance in a static loading test (1) 

𝜉 when, 

 n = 

1 2 3/50% 4 5/100% 

𝜉1 1.75 1.63 1.50 1.38 1.25 

𝜉2 1.75 1.50 1.31 1.25 1.25 
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3.2.4 Alternative method for dimensioning tensile resistance  

Eurocode gives two ways for the dimensioning of tension piles based on soil 

investigations (1). The RD pile installation and design manual prefers what is refers to 

as “an alternative method” which is therefore presented below.  

 

The minimum value for the partial resistance factor is 1.5 in temporary and in 

permanent design. The installation and design manual for RD piles recommends using 

the value of 1.6 as the least model factor for end-bearing piles (2). When calculating the 

tensile capacity of piles that are drilled into the bedrock, two considerations need to be 

made. First, the bond capacity between the bedrock and grouting needs to be greater 

than the tensile load. Second, the shear resistance of the rock cone needs to be greater 

than the tensile load. (1) 

 

The anchoring length (𝐿𝑚𝑖𝑛) can be calculated using Equation 4. This Equation is 

suitable for rock mass which is irregular and fractured. If the fractures are not measured 

reliably, the anchoring length needs to be at least three meters. Figure 11 shows the 

anchoring length and the factors used in Equation. (1) 

 

𝑳𝒎𝒊𝒏 =  √
𝟑∙𝑭𝒕;𝒅

𝜸∙𝝅∙𝒕𝒂𝒏𝝋

𝟑
    (4) 

 

where, 

 

𝐹𝑡;𝑑  tensile force, design value 

𝛾 the unit weight of the rock mass 

𝜑 angle of rock cone (45o for homogeneous rock and 30o for fractured rock) 

 

 
Figure 11. The rock cone 
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3.3 Corrosion risk affecting the pile 

Designs need to present the means to achieve adequate resistance against chemical and 

mechanical loading on the pile. The environment imposes requirements on the whole 

service life of the pile. Designs should respond to these requirements. The most 

common environmental risk to steel piles is corrosion risk.   

 

The design of corrosion protection should consider, for example, ground water, the soil 

type, pile type, load type, steel quality and the required service life. Corrosion 

protection can be a grout covering around the steel, sacrificial steel or some extra 

precaution that prevents corrosion. Precautions against corrosion can include the use of 

special cement or the use of suitable steel. The right grouting material needs to be 

chosen in accordance with regulations of standard EN 206-1. (1) 

 

In normal circumstances, corrosion depth is assumed to be 1.2 mm for a hundred-year 

service life in the outer surface of the pile. The corrosion risk inside the pile can be 

ignored, if the pile is full of concrete and the top of the pile is closed. Table 4 shows the 

average corrosion depths in different environmental conditions. (1) 

 
Table 4. Average corrosion depth in millimeters for unprotected steel piles in soil (1) 

Target  

service life (mm) 

5 

years 

25  

years 

50  

years 

75  

years 

100 

years 

Conventional conditions   

undisturbed initial soil 0.00 0.30 0.60 0.90 1.20 

uncompressed, non-

aggressive, mineral 

landfill 

0.18 0.70 1.20 1.70 2.20 

Unconventional or aggressive conditions 

polluted initial soil 0.15 0.75 1.5 2.25 3.00 

aggressive initial soil 0.20 1.00 1.75 2.50 3.25 

uncompressed, aggressive 

mineral landfill 

0.50 2.00 3.25 4.50 5.75 

 

If the surrounding soil is a compacted fill layer, the 100 years corrosion depth is 1.5 

mm. In a non-compacted fill layer, the corrosion depth is 2.0 mm. For a tension pile, 

with a service life of 100 years, the minimum thickness for injection is 30 mm in 

conventional conditions. For grouting the minimum thickness is 40 mm and for concrete 

it is 50 mm. (1) 

 

The corrosion risk will increase in the case of tension piles. Tensile forces can cause the 

grouting to crack, which allows contaminants to access the pile surface. This is why 

Eurocode states that the maximum crack should not exceed 0.1 mm. In compression 

piles, the cracks will not grow so easily, because the compression pressure keeps the 

crack surfaces together. 
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4 Tension pile studies  

4.1 Previous study by Ahomies 

4.1.1 Test layout 

Ahomies (21) investigated drilled steel pipe piles which were grouted into the bedrock 

at turn of the year 2014/2015. The main aim of the study was to establish out whether it 

is safe to transmit tensile loads from the upper structure to micropiles that are drilled 

and grouted into the bedrock. The study included a pull-out test, which investigated the 

failure mechanisms of the piles. (21) 

 

The pull-out test included 15 drilled piles, which were all load tested. The diameter of 

the piles was 273 mm and the wall thickness was 12.5 mm. Four piles were drilled 1 m 

into the bedrock, eight piles were drilled 1.8 m into the bedrock and three piles were 

drilled 2 m into the bedrock. They used both fixed ring bits and solitary ring bits. In the 

fixed ring bit solution, the casing shoe and ring bit are integrated and in the solitary ring 

bit solution the ring is only connected to the pilot bit. (21) 

 

Piles were grouted using several different methods. In all methods, grouting was made 

through a tube-á-manchette, which is a grouting tube that includes a packer. The packer 

is compressed mechanically inside the casing and grout is conducted through the tube-á-

manchette into the pile. The use of tube-á-manchette ensures that the grout reaches the 

intended location. Casing shoes designed for grouting were used with five of the piles 

and the other piles were grouted through flushing holes located at the tip of the pipe 

pile. Three of the piles were grouted using a double packer. (21) 

4.1.2 Test results 

Forces and displacements were monitored during the load test. The author presented a 

few conclusions from the results. First, a fixed ring bit was more reliable than the 

solitary ring bit. Second, the casing shoe designed for grouting was more reliable than 

grouting through the flushing holes. In this context, reliability means that the maximum 

tensile load of the pile was higher, which means the grouting work was more successful. 

The average failure load was 256 kN for piles that were drilled 1 m into the bedrock and 

453 kN for piles that were drilled 1.8 m or 2.0 m into the bedrock. (21) 

 

The capacity of the piles was calculated before the pile loading. The calculation results 

showed that the failure mechanism should be the failure of the rock cone. The failure 

mechanism for most of the piles was the failure of the bond capacity between the pile 

and grouting. Even though the examiners observed rock movements, the failure of the 

bond capacity was the failure mechanism. The author suggested that one reason for the 

failure of the bond capacity was that the piles had not been properly cleaned. Rock 

cutting and soil could not be flushed sufficiently with water away from the drill hole 

which prevented the grouting from spreading evenly around the pipe. The observed 

bond strengths from the tests are shown in Table 5. These values are calculated for the 

whole bond length, although it was observed that the grout was not evenly distributed 

along the bond length. (21) 
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Table 5. Bond strength from the study by Ahomies (21) 

Pile Bond strength 

[kPa] 

(characteristic value) 

 Pile Bond strength 

[kPa] 

(characteristic value) 

1 360  9 332 

2 253  10 247 

3 263  11 392 

4 172  12 130 

5 132  13 257 

6 195  14 >839 

7 303  15 414 

8 210  Average 

value 

262 kPa (without pile 14) 

300 kPa (including all 

piles) 

 

4.1.3 Uncertainties of the test 

The test was done using Nonset 50 FF grout during the winter season. Nonset 50 FF is 

designed for grouting in winter conditions. However, the work came up against some 

complications. The mixing instructions of Nonset 50 FF state that the mixing 

temperature of the water should be about +20ºC and never over +30ºC. The measured 

temperatures were between +25ºC and +32ºC, which meant that the limit temperature 

was exceeded. Also mistakes were made when mixing the grouting. The dispenser used 

did not work evenly and thus the exact dosage could not be ensured. (21) 

 

Compression strengths were measured from samples taken from the grouting lifted up 

from the drill hole between the rock and pipe pile. The compression strengths were 

lower than had been expected. Also determination of the pile length was problematic 

especially with piles that were drilled only one meter into the bedrock. Particularly 

when the bedrock surface was uneven or fractured, the impact of the incorrectly 

measured length was supposedly high. (21)  

4.2 Failure mechanisms of drilled piles under tensile forces 

4.2.1 Failure mechanisms of drilled tension piles 

The following chapters describe the main failure mechanisms for drilled piles which 

transfer tensile forces. Each mechanism is presented individually, including a few facts 

about the process and some research that has been carried out. In addition to the basic 

failure mechanisms, also some other reasons for failure are concluded. These reasons 

are not counted as failure mechanisms, but they explain the behavior. Thus also bad 

quality process of the work, a cracking of the grouting and the corrosion risk is covered. 

This study focuses on the bond strength between the pile and bedrock, because the 

previous study identified this as the weakest part of a drilled pile. 

4.2.2 Failure of the rock cone 

Failure of the rock cone is a theoretical aspect of failure, because it assumes that the 

bedrock is solid and firm. The bedrock is rarely or never solid, but tends to be fractured 

and includes weakness zones. Gaps between rock surfaces can be open, filled with soil 

material or tightly connected with rough surfaces and great friction.  
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One dimensioning method of the failure of the rock block is the same as for anchors. 

Brown (22) studied the behavior of anchors in Australia in 2014. The main aim of the 

study was to find out how conservative modern designs are. The study also covered the 

bond capacity of rock anchors and the tensile capacity of steel, but these aspects are not 

discussed here. Brown tested rock anchors which had a bond length, a stretch length and 

a double corrosion protection. Figure 12 shows the structure of the anchors tested. (22) 

 

 
Figure 12. The structure of the anchors tested (22) 

 

Brown (22) addressed the very conservative approach to the failure of rock mass, from 

the point of view of rock mechanics. Several methods can be used to evaluate the 

possibility of rock cone failure, but the minority of these are satisfactory. In the simplest 

design approach, the tensile strength of the rock mass is ignored and only the weight of 

the cone is taken into account. The cone angle can vary between 60o-90o and the starting 

point of the cone angle can be at the end of the bond length or at the mid-point of the 

bond length. The cone angle of 60o is often for soft rock and 90o for other rock qualities. 

Some of the dimensioning methods do not take into account the weight of the rock 

cone, but take into account the tensile capacity of the rock cone. (22) 

 

The main problems in this rock cone assumption are the theoretical stress distribution, 

the failure mechanism of the rock mass uplift, ignorance of the real structure of the 

bedrock and the constant value for the tensile and shear strengths (22). Figure 13 shows 

a failure of the uplift for a fully grouted anchor in mudstone from the study by 

Weerasinghe and Littlejohn (23). The cone that they discovered differs from the 

traditional calculation aspects. They also observed that the reason for the failure in the 

upper part of the anchor was due to shear failure (23).  
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Figure 13. Observed failure of a rock cone (23) 

 

Bedrock quality has a major impact on rock cone development. Fractures, jointing and 

weakness zones will affect the formation of a slip surface. Figure 14 shows a few 

possible formation mechanisms for slip surfaces. It is also important to understand that 

the mechanisms in the figure are a 2D model, and the actual 3D model will change the 

formation of the cone even more. The standard core method does not take into account 

either the changing of rock strengths by depth or the structures in the bedrock or failure 

mechanisms. (22) 

 

 
Figure 14. Formation of a rock cone (22) 

 

Quality changes in the bedrock can lead to a simple and conservative design or with 

proper investigations more detailed design about the bedrock and work. Brown (22) 

suggests that load tests should be included in detailed design, which should also cover 

drilling accuracy, drill hole stability and the failure mechanism. The test should contain 

trials for the suitability of the grouting method, grouting pressure and for mixing the 

grout. (22) 

4.2.3 Bond strength between the grouting and steel pile 

Changing concrete properties, increasing the grouting mass around the steel and the pile 

surface with features or geometrical shapes can increase the bond strength between the 

steel and concrete. Figure 15 shows one theory of the friction components of steel piles. 

The first friction is caused by flexural stress. Flexural stress is greatest at the top of the 

pile and decreases toward the pile tip. The second friction component is the Poisson 

effect, which forms when a pile is compressed. Compression stress causes a pile to 

compress. The compression is greatest at the upper part of the pile and causes the 

change of the strain to be negative in a longitudinal direction of the pile. At the same 
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time, the perpendicular change of the strain will be positive. The Poisson effect will 

increase the normal force on the surface of the pile when the diameter of the pile is 

“increasing”. The increase in normal force will increase the friction force. The third 

effect is the dilation effect, the intensity of which depends on the shape of the steel 

surface. The dilation effect is caused when the load is applied and the pile tries to find 

the equilibrium of forces. To find the equilibrium space, the pile tries to move in the 

easiest direction. The easiest way for a smooth surface pile to move is in the 

longitudinal direction. When the surface is not smooth, the movement will be in the 

direction guided by the grooves or ribs. (24) 

 

 
a. Friction caused by flexural stress 

 
b. Poisson effect 

 
c. Dilation effect 

 

Figure 15. Factors affecting friction (24) 

 

In a reinforcement bar, the failure will most probably occur at the top of the steel rib as 

shear failure or around the steel bar as a shear failure of concrete. A steel bar can 

withstand the shear failure with shaft resistance. Shaft resistance is the maximum force 

that can induce to the pile surface to prevent failure. Friction force is develops from 

normal force and the coefficient of friction. The coefficient of friction depends on the 

material properties and on the shape of the pile surface. Shaft resistance may arrest the 

failure after displacements with the help of the lateral reinforcement. Transverse 

reinforcement will increase the capacity until failure is reached. (24) 

 

The geometry of the rib has a major effect on bond strength. Figure 16 shows the 

difference between a smooth surface bar and a deformed bar. The deformed bar forms a 

mechanical interlocking, which increases the bond strength when the displacements 

remain small. After mechanical bonding in its maximum bond strength value, the bar 

will loosen. During the “shearing off” phase, the load cannot be increased and the 

displacement grows. The bond strength decreases because the static friction is lost. 

Finally, the pull-out force will be slightly more for a deformed bar than for a smooth 

bar, due to the bigger cross-section area of the deformed bar. The behavior of steel and 

grouting should be remained similar, but their elastic properties are totally different, 

which makes this target problematic. If grouting and steel behaved similarly, grout 

cracking would be easier to control. (25) 
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Figure 16. The different behavior of a smooth and deformed bar in bond strength failure (25) 

 

The factors affecting the bond strength of a deformed steel bar are the rib height and the 

distance between ribs. Inclination does not have a major effect on bond strength, but it 

affects the cracking. Rib shape can reduce the cracking of the grouting. Rib inclination 

should be between 35o and 75o in relation to the bar to achieve the minimum cracking of 

the grouting. (25) 

 

Many studies on the bond strength between grouting and steel show that the 

assumptions made in simple calculations are not exact. According to Brown (22), 

several tests have proved that grout expansiveness and bond length have less impact on 

bond strength than stiffness of the grouting, the roughness of the steel and normal 

confining pressure. Also as described later on, stress does not distribute evenly along 

the length of the steel bar. (22) 

 

The stiffness of the grouting and that of the steel have impact on stress distribution. 

Figure 17 shows this impact. Because the radius of the pile is constant, the stiffness of 

the grouting and that of the steel have a major impact on the distribution of the stress. 

These results have been obtained from the tests made for a fully grouted hollow core 

anchor by Coates and Yu, which Brown (22) has shown in his study. In the figure, the 

subscript “g” refers to the grouting and subscript “a” refers to the steel bar. As the figure 

shows, if the stiffness of the steel is ten times greater than the stiffness of the grouting, 

the stress distributes relatively evenly to the anchor. When the ratio is equal or the grout 

has greater stiffness, most of the stress is placed at the top of the anchor. (22) 
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Figure 17. The stiffness of grouting and steel in relation to stress distribution (22) 

 

The bond strength of a drilled pile can be compared with a fully grouted rock bolt. The 

main difference is that the hole for the rock bolt is drilled beforehand and the bolt is 

installed afterwards. When the rock hole is made beforehand, the quality of the grouting 

is much more reliable. Another difference is that the surface of the grouted bolt is not 

smooth. However, studies about bolts may be useful when studying the bond strength 

between the pile and grouting. Figure 18 shows the development of axial stress and 

shear stress in a fully grouted rock bolt. As can be seen from the figure, the axial stress 

on the bolt decreases as the distance to the external force grows. This occurs because the 

bond strength of the rock bolt is transmits stresses to the grouting and further to the 

bedrock. (26) 

 

 
Figure 18. Shear distribution on a rock bolt (26) 
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Tests done to study bond strength   

Jokiniemi (27) did several push-through tests for micropiles to study the bond strength 

between grouting and steel. The diameter of the piles was 88.9 mm and the wall 

thickness was 6.3 mm. The bond lengths were a half a meter and one meter. The 

thickness of the surrounding grouting was 113 mm. Some of the piles had a smooth 

surface and others had a surface reinforced with welded ribs. The maximum bond 

strength of the smooth surface pile was a little less than 1,600 kPa and that of the 

reinforced pile was slightly less than 1,800 kPa. (27) 

 

Jesús Comés et al (24) also tested the bond capacity of steel piles. They tested four 

different types of piles and their connections to footings. They made two tests for 

smooth casing, one cast into a pre-drilled hole and the other cast straight into the 

concrete. One test was made for a casing that was reinforced with welded ribs and the 

fourth test was a threaded bar. The diameter of the reinforced pile was 114.3 mm. 

Reinforcement ribs were on the surface of the casing. The distance between the ribs was 

152.4 mm and the widths of ribs were 6.35 mm and 12.7 mm. The diameter of the drill 

hole was 152.4 mm. The average bond strength was calculated on the surface of welded 

ribs. Figure 19 illustrates the test layout and the spot where the average bond strength 

was calculated. (24) 

 
Figure 19. An illustrative diagram of reinforced casing in the test (24) 

   

It was observed that the bond strength increased linearly to the bond strength of 3100 

kPa to 3800 kPa. This strength was the point of mobilization and about 65-80% of the 

maximum average bond strength. The failure of the bond capacity was not sudden and 

displacement increased steadily. Cracking was observed in the footing. Displacement 

grew to approximately 2.54 mm. (24) 

 

Jesús Comés et al (24) also presented tests made by Myers in their study. The original 

source is a personal communication in 2004. The test is presented based briefly on the 

information written by Jesús Comés et al (24). Myers made two tests to model the bond 

capacity in reinforced blocks of concrete. The diameter of the hole was 254 mm. The 

diameter of the pipe was 177.8 mm and the bond lengths were about 0.6 m and 1.2 m. 

The casing was provided with exterior ribs, which were 12.7 mm wide. At failure, the 

calculated bond strength on the surface of the rib varied between 2972 kPa and 4 289 

kPa. (24) 
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Findings of the bond strength studies 

Jokiniemi (27) studied the difference between a plain pipe and a pipe with welded 

battens as shown in Figure 20. A plain pipe is the same as a smooth surface steel pipe 

and a pipe with welded battens is the same as a steel pipe with welded ribs. The bond 

strength developed while the stresses were small and both pile types behaved similarly. 

After some displacement, the bond strength evolved almost linearly with displacement. 

The smooth pile needed a little more displacement before the shaft resistance was 

activated. At the end of the linear part, the failure of the bond capacity of the reinforced 

pile was more sudden than the failure of the smooth pile. The bond strength was 13% 

greater for the reinforced pile. The displacement was 35% greater for the smooth pile at 

the maximum loading. (27) 

 

 
Figure 20. The bond strength of RD90 (27) 

 

Jesús Comés et al (24) made several conclusions about the bond strength in the test for 

four different pile types. First, by comparing the behavior of the smooth casing and the 

welded casing they noticed that the casing with welded ribs offered greater bond 

capacity. Second, the behavior was more plastic with welded casing. Third, they did not 

find any substantial correlation between bond length and mobilized bond strength. 

Although bond length did not affect maximum bond strength, it seemed to decrease 

displacement caused by small loads. The diameter of the drilled hole had a remarkable 

effect on bond strength.  The impact between the 152.4 mm and 203.2 mm holes was 

almost 40% to the bond capacity. They observed the same effect on the test made for a 

casing that was cast in a concrete footing. When the diameter of the drill hole was 

decreased, the bond strength increased. (24) 

 

Jesús Comés et al (24) monitored also the strains on casings. Figure 21 shows their 

observations for casing that was reinforced with welded ribs. The figure resembles 

Figure 18, describes the behavior of rock bolts. The upper segment of the pile takes 

about half of the axial load. The middle segment, takes a little less than 30% and the 
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final segment, takes the remainder, which is about 15% of axial loading. Segment 

lengths were; upper segment 381 mm, middle segment 304 mm and the lowest segment 

203 mm. (24) 

 

 
Figure 21. The distribution of strains (24) 

 

Jesús Comés et al (24) did not observe cracking with smooth casing unlike for the 

casings with welded ribs and for threaded bars. In casings with welded ribs they 

observed several radial cracks that were connected to the failure. They also noticed 

higher bond strength for drilled and grouted piles than for piles cast in a concrete 

foundation. The failure was the most sudden with threaded bars, where the failure 

occurred immediately after the linear part of displacement.  (24) 

 

The decrease in bond strength by adding the grouted space around the pile can be 

explained. When the thickness of the grout is increased, the annulus stiffness decreases. 

When the stiffness of the grout decreases, the normal stress around the pile will 

decrease. When the normal stress decreases, the friction will decrease. A texturing of 

the steel produces a wedging movement in the surrounding grouting. This will cause 

compression forces into the grouting which increase the normal force on the surface of 

the pile. This, again, will increase the friction. (24) 

 

Figure 22 shows bond capacities from the tests by Jokiniemi (27), Myers (24) and 

Comés (24). The figure gives the maximum and minimum values for the bond strength 

for each test. Because the tests differed from each other and the determination of the 

bond strength was also a little different, the bond capacities are converted into a more 

suitable form for the sake of comparison. The horizontal axis is shows the relation 

between the drill hole and the pile diameter. The benefit of ribs is not shown in the 

figure. However, the figure shows that a straight line can be drawn to visualize the 

correlation between bond strength and mass thickness.  
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Figure 22. Bond strength and the thickness of the grouting  

 

Figure 23 includes all studies that were found in the literature review. It shows a great 

variation between the bond strengths. All bond strengths exceeding 3 MPa were also the 

maximum values observed during tests. A comparison of these bond strengths is not 

really wise, because they all had their individual testing methods, like piles, grouting 

methods, grout and ribs. However, if something is analyzed, Ahomies (21), West River 

Bridge micropiles (18) and Richmond-San Rafael Bridge micropiles (28) clearly had the 

lowest values. These were also only the micropiles installed and tested on an actual 

construction site, not in a laboratory. Grouting was done through the tip of the pile when 

the other piles were cast into a pre-drilled hole.     

 

 
Figure 23. Bond strength from previous studies 
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4.2.4 Bond strength between the rock and grouting 

The bond strength between the grouting and bedrock depends on the rock quality and 

the strength of the concrete. A great part of the bond strength is due to the friction, but 

also adhesion and mechanical interlocking affect bond strength. Tensile strength is often 

determined based on tabulated values. However, tabulated values have only little 

connection to local rock quality. Nowadays, many standards and codes require the use 

of load tests. The shear strength between the grouting and rock is often assumed to be 

10% of the compressive strength of the rock. Sometimes the shear strength is based on 

the compressive strength of the grouting. (22) 

 

Constant shear stress values on the length of the pile and tabular values for the interface 

shear strength are the main problems in the determination of the bond strength between 

grouting and rock. It is also important to notice that the normal stress variation on the 

interface is not taken into account, neither is the grouting method or grouting pressure. 

The failure between the rock and grouting is a progressive stress-strain failure which 

can be divided into three parts. The first phase is pseudo-elastic behavior where only 

small deformations occur. The failure or de-bonding can occur in the second phase. 

Residual behavior will occur in the third phase, which is after larger displacement. (22) 

 

The structural properties of the bedrock are often almost totally ignored in design. The 

structural properties that impact on the bond capacity are shear zones, faults and joints. 

Another problem is that only the drill hole area is taken into account, but the roughness 

of the drill hole wall is forgotten. Also the thickness of the grouting is ignored, although 

it has a great impact on the bond strength. Due to these conservative assumptions in 

calculations, trial piles should be carried out and designs should be based on these 

results. (22) 

 

Table 6 shows the ultimate bond strengths for the bedrock from a study by Littlejohn 

(22). It is easy to see from the table that the ultimate bond strength can vary from 0.17 

MPa to 5.74 MPa. The maximum value for the ultimate bond strength is normally 

considered to be 4.2 MPa. Also the safety factor variates greatly in the figure. If this is 

compared with the design values used in Finland, where the maximum bond strength 

between the rock and grouting is 1.5 MPa, it is obvious that the design is conservative. 

The quality of rock should always be investigated in order to make cost-efficient design. 

(22) 
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Table 6. The dependence of bond strengths on rock quality (22) 

 

 

 

 

4.2.5 Quality assumptions for work 

One of the main issues regarding drilled piles is quality assurance. Once piling is 

completed and the final structure above is ready, pile investigation is difficult. If some 

defective behavior is observed during the service life of the structure, it is difficult to 

carry out remedial actions. All possible evidence that piles have been installed 

according to quality requirements and instructions should be obtained during the 

construction time. This means accurate reporting from a contractor and careful 

observations from an inspector.  

 

First of all, manufacturers provide the material qualifications and suppliers submit 

documentations for the correct handling and storage of the material. On the construction 

site, the contractor is responsible for right kind of storage and handling of the material. 

The contractor is also required to record every construction phase. Drilling, cleaning 

and grouting are the main phases to observe properly.   

 

Because the drilled pile is a relatively new piling method, quality aspects should be 

investigated from different points of view. The drill hole is cleaned in a similar way to 

that for other replacement piles, although other pile types are often left on the surface of 

the bedrock and cast with concrete, not grouted. Rock anchors which are made with 

casing are also similar to drilled piles. The only difference is that the drilling is 

continued after the casing is at the target depth. On the other hand, the rock socket is 

similar to the bond length of anchors. To summarize, these methods have evolved hand 

in hand and been mutually developed. The main problem with drilled piles is to clean 

the pile tip to ensure the grouting is spread evenly around the casing, between the casing 

and rock. With other tensile structures, which are drilled into the bedrock, cleaning and 

grouting are ensured with a “casing-free” bond length.  

 

A&M University (29) tested the construction integrity and capacity of drilled and 

grouted piles in Texas, USA. The test was made for a pile type that was widely used 

earlier. The pile was made by drilling a hole with a casing, lifting the drilling unit out of 



42 

 

the hole and assembling a reinforcement casing into the hole. The hole was then grouted 

and the drilling casing lifted out. Although the test layout differs from the modern 

drilled pile, it can be compared with a pile that is drilled into the bedrock. (29) 

 

In the test carried out in Texas (29), the length of piles was 34 m and the diameter was 

0.8 m. The piles were grouted. The idea was to test detection methods for different 

defects, which were voids on the surface of the pile. The voids were six meters long. 

One was all around the pile and the other was 12% of the pile perimeter. Nuclear 

sensing and a vibration sensing were the detection methods employed. In the vibration 

sensing method, a sonic wave was sent from the inside of the pile through the casing to 

the soil before being returned to the sensor. The method did not work properly in the 

test, because the wall of the steel pile was too thick and the sound did not pass through 

the steel well enough. The nuclear method was found to work better in this case. In this 

method, nuclear rays were sent to the pipe wall and the number of particles coming back 

was measured. (29) 

 

More modern methods have been developed for the testing of micropiles. SMART 

Contractometer (SMC), which was introduced in 2003, provides a detailed view of pile 

behavior in a loading situation. The measuring device consists of a measuring head and 

six discrete nodal points. The instrument is longitudinal and is cast into the pile, as near 

to the midpoint of the pile as possible. The SMC measuring device gives the direct 

movement of the pile when the pile is loaded. The deformations of a micropile are 

obtained in relation to the micropile itself and to surrounding soil. (30) 

 

Although SMC is mainly used in evaluating the shaft resistance of friction piles, the 

method can be useful for evaluating the bonding in drilled piles under tensile forces. 

One difference of course is that for friction piles, the shaft resistance forms between the 

pile and the soil, whereas for drilled piles, the shaft resistance forms between the pile 

and the rock. The second difference is that friction piles will be compressed into soil, 

not pulled out. The SMC method can measure the actual stress distribution of the axial 

loading. The load is not distributed uniformly over the length of the pile, but the greatest 

stress accumulates to the upper part of the pile. Knowledge of the behavior of 

micropiles at various depths under various loadings provides information for detailed 

design. Figure 24 shows one example result of the SMC test. (30). 
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Figure 24. Results of the SMC test (30) 

 

In California, high capacity micropiles were made to support the Richmond-San Rafael 

Bridge. During construction work, the lead contractor and piling contractor carried out 

systematic Quality Control and Quality Assurance (QC/QA). The project was 

challenging due to the changing condition of the bedrock, the unusual composition of 

the grout mix, differences in measured data and unusually long micropiles with major 

tensile loads. (28) 

 

Quality assurance was carried out using several methods. First of all, trial piles and test 

loadings were made. Test loadings were made for 6 trial piles and 62 production piles. 

The trial piles were made for each geological zone to ensure that the work could be 

carried out as planned. There were 458 production piles in total and so about 13% of the 

piles were tested. The test load was 120% of the design working load for the trial piles 

and 100% of the designed work load for the production piles. The diameter of the 

micropiles was 203.2 mm and the wall thicknesses were 25.4 mm and 22.22 mm. Both 

ends of the micropiles were reinforced with shear rings that were at a length of 3.65 m 

from the tip. (28) 

 

The quality of the bedrock varied significantly between adjacent micropiles due to the 

formation of the bedding and nearly vertical shear plane contacts. Separate work 

drawings were made for each pier or support structure to help estimate the lengths of the 

piles and to ensure reporting during construction. Observations during the drilling 

included elevations of the bedrock, drill rates and drill cuttings. Each micropile had a 

drilling log, which a registered geologist needed to approve. Because of the drilling 

speed, 6 geologists observed the work. After the total length of the pile was established, 

the reinforcement of the rock socket could be designed. (28) 

 

Drilling work encountered problems when the surrounding soil was too prone to cave 

into the drill hole. The rock socket was drilled near to the failure length and filled with 

grouting to stabilize the hole. One of the piles was grouted 13 times at various depths, 

before installation of the reinforcement. The grouting was a mixture of six different 

components; water, cement, fly ash, silica, fume, super plasticizer and retarder. The 
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water cement ratio was 0.35. The grouting was tested before the actual construction 

phase to ensure grouting quality and constructability. It was found grouting quality 

depended highly on the mixture ratio. Grouting tests proved that the quality 

requirements were achieved. (28) 

 

Although the work was extra challenging, it was carried out incompliance with the 

regulations. All data collected during the work was good evidence to show quality 

standards had been met. Accurate qualification documents are also useful when it is 

time for renovation. (28) 

4.2.6 Horizontal cracking in grouting 

The tensile capacity of the grouting is low in comparison with the compression 

capacity. For concrete the normal assumption is that the tensile capacity is about 10% of 

the compression capacity. If it is assumed that the grouting of a pile is the only aspect to 

be taken into account when calculating tensile capacity, the capacity of the pile is not 

reliable. Studies have shown that a steel pile in grouting behaves like a rebar in 

concrete; the pile prevents the grouting from cracking. (25) 

 

Figure 25 shows the behavior of cracking in concrete according to Meerdink (25). 

Cracking can be divided into three phases. In Figure 25, N means normal force and 𝜀 

means strain. In the first phase (I), the normal force and the strains will increase 

linearly. In the next phase (II), cracks start to form. When the grouting cracks the 

normal force will drop. When the normal force starts to increase again, new cracks are 

formed. The final phase (III) describes the phase when the concrete is fully cracked. 

Cracking is constant and the steel takes care of the forces. (25) 

 

 
Figure 25. Cracking of concrete (25) 

 

The main difference between reinforced concrete and grouting, which surrounds the 

pile, is in their operating principles. In a normal reinforced concrete structure, it is the 

concrete that takes the loads, whereas the reinforcement tries to prevent the concrete 
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from cracking. When the load is transferred evenly to the concrete, the reinforcement in 

the concrete has the same tensile stress along the whole length. In a pile, the functions 

are quite opposite. The load is placed on the pile, which transfers it to the grouting, 

which then transfers it on the rock. Now the maximum stresses are concentrated on the 

upper parts of the pile, near the forces. Because of this, most of the cracking in grouting 

will occur near the pile loading point. Cracks form at regular intervals due to the 

forming of the stress. In addition to this, temperature changes will cause irregular 

cracking. (25) 

 

The stress level and the bond strength between grouting and steel will effect crack 

development. Experience has shown that the distance between cracks will be about 2 – 

4 times the width of the concrete. The normal force will increase as the thickness of the 

grouting increases. At the same time, the increase in the thickness of the grouting will 

also increase the cracking distance and width. (25) 

 

The cracking of grouting is hard to observe. The formation of cracks has been tested for 

Titan micropiles. Figure 26 shows the main crack and secondary cracks. Main crack is 

formed when the crack stretches from the steel surface to the grouting surface. It is at 

this point that the steel transfers all tensile loads and the risk of corrosion exists. 

Secondary cracks are not as harmful as the main crack, because they do not cause an 

open path for corrosive substances to the surface of the steel. (10) 

 

 
Figure 26. Development of cracking (10) 

 

Results from the cracking test for Titan 103/51, SWL 1,000 kN with the grout body of 

180 – 220 mm are shown in Figure 27. The length of the Titan anchor was 1200 mm in 

the test. Eurocodes allow a maximum crack of 0.1 mm, which was not exceeded in the 

test. The test was arranged in laboratory conditions, where was no soil surrounding the 

anchor. This can affect the reliability of the results. (10) 
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Figure 27. Cracking of grout in Titan 103/51, SWL 1,000 kN (10) (edited from the original) 

4.2.7 Risk of corrosion 

The risk of corrosion needs to be always taken into account when designing steel piles. 

Drilled piles have at least two different corrosion conditions. The upper part of the pile 

is surrounded by soil and the lower part is surrounded by rock. If the drilled pile is in 

water, it has at least four corrosion conditions, when air is surrounding the uppermost 

part and water is surrounding the second highest part of the pile. Usually, the risk of 

corrosion can be assumed to be the lowest in the rock part. This is due to the tight rock 

mass, where the movements of particles, water and are often minimal. Reliable grouting 

in the bedrock is usually easier to carry out than in a soil layer.   

 

The formation of corrosive conditions requires three aspects; a potential difference 

which creates a corrosion pair, an electrolyte that is electrically conductive and the 

development of the corrosion reaction. The main reason for corrosion in soil strata is the 

concentration difference of oxygen, which is due to the variation of soil properties. 

Other soil properties affecting the development of corrosion are soil type, resistivity, 

soil pH and the content of water and humus. The effect of ground water depends on the 

level of the ground water, the changes at the level and the salts that are dissolved into 

the water. The biggest corrosion concentrations are often observed close to the ground 

surface, near the ground water level and between soil strata. (31) 

 

Several methods can be used to protect against corrosion. The basic methods are 

corrosion painting, concrete protection, a zinc cover, polyethylene coating, cathodic 

protection and sacrificial steel surface. Corrosion protection can also be a combination 

from these. The use of high yield steel is also an important method to increase service 

life (32). The protection method should be based on the conditions of the environment. 

Ultimately, the target service life and corrosion protection costs will determine the 

protection method. (33)   

 

The majority of corrosion is caused by the diffusion of oxygen. The diffusion detaches 

from the soil and migrates to the steel surface. This diffusion of oxygen does not occur 

below groundwater level. Hence, corrosion is normally the most damaging between the 

ground surface and groundwater level. The risk of the soil corrosion reduces downwards 

as the oxygen depth and content decreases. Other corrosion methods in addition to the 

soil corrosion are galvanic corrosion and current leakage corrosion. (33) 
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Flowing water can cause surprisingly extensive corrosion also at great depths. For this 

reason it is important to investigate and detect any perched water. Corrosion conditions 

can also be divided based on soil disturbance, regardless of whether the soil is disturbed 

or not. Disturbance refers to all events that increase air content and voids. Soil 

resistivity, pH, soil moisture and oxygen content are the parameters that affect corrosion 

in disturbed soils. Lighter corrosion protection is enough when the relative humidity of 

air is at most 50%. The greatest risk of corrosion is when the relative humidity is 80% 

or above. (34)  

 

Steel companies offer coatings for piles. Ruukki Construction Oy provides two types of 

external coatings; protective painting and triple HDPE coating. Protective painting is a 

reliable method for pile surfaces that are surrounded by water in splash zone areas (2). 

Triple HDPE coating consist of three layers; epoxy, adhesive film and polyethylene 

layers. The epoxy layer is the innermost layer and its job is to protect the steel from 

corrosion. The polyethylene is the outermost layer and protects the epoxy layer during 

pile installation. Due to the fact that the corrosion risk is the most significant in the 

upper parts of the pile, the pile can be partly coated, for example, in the area most 

vulnerable to corrosion. This can be useful when the lowest part of the pile is drilled 

into a stiff soil stratum and it is suspected that the coating will break during drilling. 

(35)            

 

Coatings and drilled piles are often considered being unsuitable for each other. The best 

quality of the coating can be made at factories, in controlled conditions. Moreover, to 

maintain good quality, it is important to ensure correct transportation and storage of the 

piles. The selection of the coating material should always be based on the soil type, 

whether it is soft soil with small grain size or whether the soil is compact and includes 

rough grains. (32)     

 

Although soil corrosion properties have been investigated widely, the information 

generated by these studies is not largely used. According to a study of a company called 

Corus, Construction & Industrial (32), corrosion risk can be ignored in undisturbed soils 

where the soil is not strongly acid and the soil pH is over 4. In addition, this should be 

the case in every soil type and with all soil properties. In more avoided soil types, like 

landfill soils, basic corrosion protection depends on the chemical and physical 

properties of soil. The effect of each of these parameters is investigated separately and 

compared with the empirical data of the aggressiveness of corrosion. When a landfill is 

made from selected granular fill and it is compacted it can be treated as undisturbed 

natural soil. (32)   

 

A pile located inland facing air can be classified according to the air conditions. 

Whether the pile is in the countryside, a city or an industrial site, corrosion is depends 

on the pollution of the air. It should be also ne pointed out that in most parts of Europe, 

sulfur dioxide emissions are being reduced. In water, the most demanding conditions 

are found to be in seas with a roughly constant water level. The protection of a steel pile 

in the sea is simpler than in soil because drilling in the sea does not harm or break the 

coating on the surface of the pile. Corrosion is also minor under the water. (32) 

 

The steel company SAS Stressteel Inc. has made a corrosion protection matrix for 

choosing the right method for corrosion protection. Choice of the corrosion protection 

method is based on environment properties and the required performance life. This 
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selection is shown in Table 7. It is noticeable that when talking about permanent 

situation, the alternatives for corrosion protection are reduced. In addition to this, if the 

surrounding soil is aggressive, the only option is to use the HDPE coating with cement 

grout. (36) 

 
Table 7. The selection of corrosion protection (36) 
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5 Uniaxial tensile capacity test 

5.1 Test configuration 

The experimental part of this study begins here. Altogether 13 steel pipe piles, which 

were drilled and grouted 2.5 m into the bedrock, were load tested. The main purpose 

was to study the bond capacity between grouting and steel, which was improved by 

cutting grooves on the surface of the piles. SSAB was the subscriber and the designer 

for the pull-out test. The test was located in Masku, Finland and was carried out in 

August 2015. The pull-out test was conducted in the yard of Suomen Teräspaalutus Oy 

(STP), a Finnish construction company, specialized in piling. Their part of the work was 

to drill, clean and grout the piles, and to construct the load transfer structure.  

 

Tampere University of Technology was responsible for the loading and monitoring 

during the pull-out test. Loading was done using hydraulic jacks through a load transfer 

structure. The load transfer structure was made of beams and the load was transmitted to 

the bedrock. The piles were tested approximately twelve days after grouting. 

Monitoring was carried out using strain and displacement gauges, and the applied force 

was monitored using stress gauges. The displacements were monitored from two points 

on the pile surface and from two points on the rock surface. The strains were monitored 

from three points on the pile surface. The development of the force was monitored using 

four stress gauges.  

 

Grooves were made on the pile surface to improve the bond strength between the pile 

surface and grouting. SSAB supplied the RD piles with the grooved surface. At the 

lower end of the pile, flushing holes were also made for cleaning and grouting the pile. 

Figure 28 shows the structure of the pile tested. The piles were a total of 6 m in length 

and welded together from 1.5 m long and 4.5 m long parts. The 1.5 m-long part was the 

part with the grooves. The pull-out test was made for seven RD140/10 piles and for six 

RD220/10 piles.  

 

 
Figure 28. Pile structure 
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The piles were installed as normal drilled piles, with one relevant difference; the piles 

were not drilled through a soil layer. All drilling was done in an exposed bedrock 

surface. Figure 29 shows the positioning of the piles. The piles were designed for a 2 m 

grid before the bare rock surface had been seen. The test included one pile which was 

monitored differently to the others. Hereafter, this pile is referred to as the instrumented 

pile. The instrumented pile was located separately from the other piles and its strains 

were monitored more closely. This pile is shown as number 13 in Figure 29. 

 

 
Figure 29. Layout of the pile positions   

 

5.2 Construction for the pull-out test 

5.2.1 Bedrock conditions 

The bedrock surface was close to the ground surface and the clearance of the 

construction site included a maximum excavation of 0.5 m. Figure 30 shows the carved 

bedrock and pile locations marked in red. The main fractures in the bedrock can also be 

seen in the figure. One slit direction goes across the piles located in the middle of the 

figure. Another goes through piles 6 and 12, which are the first piles located in the 

foreground of the figure. 
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Figure 30. The bedrock surface and pile locations  

 

On the basis of the bedrock maps from the Geological Survey of Finland (37), the main 

rock type at the construction site was mica gneiss, which is a supracrustal rock type. 

Main minerals in mica gneiss are feldspar, quartz, muscovite and biotite. Mica gneiss is 

structurally a bit similar to schistose gneiss (38). Also tonalite, granodiorite and granite 

dykes are observed near the construction site (37). The latter rock types are infracrustal 

rocks.  

5.2.2 Pipe pile types tested 

As previously stated, the pipe pile types tested were RD140/10 and RD220/10, which 

both had cut grooves into the surface. To be more precise, the pile types were 

RD140/10, RDs140/10, RD220/10 and RDs220/10. The small letter “s” refers to the 

steel grade of S550J2H. Basic steel grade is S440J2H. The RD140/10 pile has a 

diameter of 139.7 mm and the RD220/10 pile a diameter of 219.1 mm. The thickness of 

the pipe wall is 10 mm for both pile types. The grooves cut into the outer surface of the 

piles were in the one meter length of the bond length, and were parallel to pile cross-

section. Two types of grooves were used in the test, shallow and deep.  

 

Table 8a shows the designed pile types and Table 8b the constructed pile types. Some 

errors were made in preparation of the test, and the piles with a different steel grade 

were mixed before construction. Each pile type originally had three test piles. 

RD140/10 and RDs140/10 piles were mixed together and the information about the 

steel grade of the piles was lost. Hence, from here on, all piles with a diameter of 139.7 

mm are discussed as if they were made from the steel grade of S440J2H. This is 

because pile loading was based on the steel grade. It is also possible that some of the 

piles were finally combinations of two steel grades. In RD220/10 and RDs220/10 piles, 

the grooves were made the other way around than was intended. The deep grooves were 

made into piles of steel grade of S440J2H and the shallow grooves were made into piles 

with steel grade of S550J2H.   
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Table 8a. Designed pile types in tensile capacity test 

Number of 

piles 

Pile type Steel quality Type of the groove  

4 RD140/10 S440J2H shallow 

3 RDs140/10 S550J2H deep 

3 RD220/10 S440J2H shallow 

3 RDs220/10 S550J2H deep 

 
Table 6b. As-built pile types in the tensile capacity test 

Number of 

piles 

Pile type Steel quality Type of the groove  

4 RD140/10 S440J2H shallow  

3 RD140/10 S440J2H deep  

3 RDs220/10 S550J2H shallow  

3 RD220/10 S440J2H deep  

 

Figure 29 which showed the locations of the piles is updated to correspond to the 

constructed situation. Due to small deviation in the roundness of the pile, the groove 

depth was limited to be at least half of the designed depth of the grooves. The grooved 

part started 0.3 m from the pile tip and was 1 m long. The designed grooves are shown 

in Figure 32 and the actual grooves on the surface of the pipe piles are shown in Figure 

31. The grooves were designed to increase the bond strength and to prevent cracking of 

the grouting.  

 

 
Figure 31. Grooves on the pile surface  
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Figure 32. Grooved lengths of different pile types 

 

Overall, the test included seven RD140/10 piles with two depths of grooves. One of 

these was the instrumented pile. The purpose of the instrumented pile was to monitor 

how the tensile force was transmitted along the pile length. Strain monitoring was done 

at three different levels of the pile; one level was above the bedrock surface and the 

other two levels were below the bedrock surface. The grooved part of the instrumented 

pile was a bit different to that of the other piles. It was divided into two parts to be able 

to install the strain gauges in the middle of the grooved sections. Figure 32 shows the 

instrumented pile on the right-hand side of the figure.  

 

Four holes for flushing and grouting were made in each pile. The diameter of the holes 

was 14 mm. All holes were in the same cross-section 200 mm above the ring bit. The 

actual flushing holes are shown in Figure 31 and the designed are in Figure 33. The 

purpose of the flushing holes was to ensure proper cleaning of the drill hole and even 

spreading of the grouting. The grouting had to be able to fill the space between the pile 

and rock.   
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Figure 33. Flushing and grouting holes  

5.2.3 Drilling  

Drilling was done using the centralized drilling method and down-the-hole hammer. 

Figure 2, in Chapter 2, showed the drilling rig used. Robit Rocktools was the 

manufacturer of the ring bits and the pilot bits. The ring bit for pipe pile RD140/10 was 

DTH PRIME 139.7/10 and for pipe pile RD220/10 the ring bit was DTH PRIME 

219.1/12.5. Figure 34 shows the welded ring bits. The outer diameter of DTH PRIME 

139.7/10 is 160 mm and for DTH PRIME 219.1/12.5 it is 240 mm. DTH-RoX+ pilot 

bits were used for both pile sizes. The pilot bits are shown in Figure 35. The down-the-

hole hammer size for RD140/10 was 4” and for RD220/10 it was 6”. 

 

 
Figure 34. Welded ring bits 
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Figure 35. Pilot bits and hammers, on the left side is the pilot bit for RD140/10 and 4” hammer and 

on the right side is the pilot for RD220/10 and 6” hammer 

 

In RD140/10 piles, the diameter of the ring bit was 15% larger than the diameter of the 

pipe pile and the cross-section area was 30% larger than the cross-section area of the 

pipe. In RD220/10 piles, the diameter of the ring bit was 10% larger than the diameter 

of the pile and the cross-section area was 20% larger than the cross-section area of the 

pipe piles. Hence, the RD140/10 piles had a relatively larger empty space around the 

pipe pile. This also meant cleaning and grouting was relatively easier for RD140/10 

piles. This was observed, too, when drilling the RD140/10 piles, which could be lifted 

from the holes after drilling. This was not possible with RD220/10 piles, which had a 

relatively smaller ring bit compared to the pile pipe size. Figure 36 shows pile number 

7. The welding is 1.5 m above ring bit, the upper part of which is showing in the drill 

hole. The flushing holes are also visible in Figure 36.   

 

Bedrock quality was observed during drilling to detect possible weakness zones and 

fractures which could affect the results. During drilling, also the drilling speed (s/m) 

was measured. The bedrock strength was evaluated based on the drilling and rotation 

speed. The bedrock was observed to be of high strength and have only a few fractures. 

Only one connection gap between the drill holes was observed during the drilling. This 

was between piles 3 and 10. The drill air rose from pile 3 during the drilling of pile 10. 
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Figure 36. Drilling of RD220/10 pile, pile number 7 

 

The piles were flushed with compressed air immediately after drilling and later with 

water. All the piles were cleaned with water after all piles were had been drilled. Water 

was conducted to the bottom of the pile pipe through a tube-á-manchette and through 

the flushing holes outside the pipe. The pile was flushed with water until the water was 

clean or the pile had been flushed with at least 1000 liters of water. The time spent for 

flushing of the hole was monitored as well. The rock fractures were detected more 

clearly when the holes were flushed. Piles 3, 10, 11 and 12 had a water connection 

through the bedrock.   

 

Drill cutting was tightly pressed to the space between the pipe pile and the bedrock. 

With an opportunity to see the surface of the bedrock and the drill hole, it was also 

possible to ensure proper cleaning of the hole. The flushing time and used water volume 
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were measured, but no conclusions could be drawn with regard to adequate flushing. 

The best method for ensuring sufficient flushing was to follow the volume and flow of 

the water. When the flow of the water was slight and did not rise to the surface of the 

bedrock, the water was assumed to leak into the rock fractures or into the adjacent pile. 

The increase in flushing pressure was also an indicator of a clogged hole. It was not 

possible to clean some of the holes using this method, so cleaning the rock hole was 

helped with a pressure washer from the rock surface. On a real construction site with a 

soil layer above the bedrock, cleaning should have been done at a higher flushing 

pressure.  

 

The tube-á-manchette was a traditional mechanically locking grouting tube. Figure 37 

shows both ends of the tube-á-manchette. The steel rod between the ends was 5.4 m 

long. The left side of the figure shows a packer which expands and tightens inside the 

pipe, when the screw on the right side of the figure is rotated. Both flushing and 

grouting were made through this tube-á-manchette. The outer diameter of the packer is 

129 mm on the figure. For piles with a diameter of 219 mm, the base plates and the 

rubbers were replaced by larger ones.   

 

    
Figure 37. The tube-á-manchette 

 

The straightness and length of the piles were measured after grouting because especially 

the RD140/10 piles were a bit tilt positioned and loosely in the rock hole. The final 

position was observed to be more reliable after grouting. The measured lengths are 

shown in Table 9. The length was measured from the top of the pile. As previously 

stated, the target length was 2.5 m into the bedrock and as can be seen in the table, there 

was a great variation. The longest pile was pile 1 which was 2.62 m. The shortest pile 

was pile 12, which was 2.35 m long. The statistics of the bond length are in Appendix 1.   
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Table 9. The measured lengths of the piles 

number pile type total length (m) 

1 RD140/10 2.62 

2 RD140/10 2.56 

3 RD140/10 2.47 

4 RD140/10 2.46 

5 RD140/10 2.52 

6 RD140/10 2.56 

7 RDs220/10 2.49 

8 RDs220/10 2.36 

9 RDs220/10 2.39 

10 RD220/10 2.50 

11 RD220/10 2.52 

12 RD220/10 2.35 

13 RD140/10 2.53 

 

5.2.4 Grouting 

The grouting was mixed at the construction site. A CURA-120L grout mixer was used 

to mix the grouting and a CURA201 grout pump was used to pump the grouting into the 

piles. The CURA201 grout pump has a maximum pressure of 25 bars and the maximum 

produce flow is 50 l/min. The grouting used in the test was Nonset 50, a cement based 

dry grout made by Mapei AS.  

 

Nonset 50 consists of cement, selected sand and additives, which cause expansion, 

stabilizing and plasticizing of the grouting. The grouting expands 1-3% before 

hardening. The maximum grain size of Nonset 50 is 0.2 mm. Nonset 50 was chosen 

because its grain size was small enough to pass through the flushing holes and out of the 

pile pipe into the space between the pile and the bedrock. The grouting was also flexible 

enough to enter the grooves on the pipe pile surface. Figure 38 shows the development 

of the uniaxial compression strength for Nonset 50. On the horizontal axis shows the 

hardening days and the vertical axis the compression strength. This figure is for 

grouting with a water-cement ratio of 0.38. The compression strength is about 35 MPa 

after 7 days of hardening. 
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Figure 38. The compression strength (MPa) of Nonset 50 (39)  

 

The theoretical amount of grouting was increased to ensure the grouting would spread 

evenly outside the pile. The amount of grouting was calculated by multiplying the 

theoretical space between the pipe pile and the rock by three and adding the internal 

space of the pile to the amount. Thus, the amount obtained was 64 liters for RD140/10 

piles and 134 liters for RD220/10 piles.  

 

Grouting work was started after cleaning the piles. The tube-á-manchette was installed 

into the pipe piles 0.6 m above the ring bit and 0.4 m above the flushing holes. The 

tube-á-manchette was assembled near the bottom of the hole to ensure the grouting 

would not fall to the bottom and separate with the water in the hole. This might have led 

to a significant decline in the quality of the grouting. RD140/10 piles were grouted with 

100-125 kg of cement and 40-50 l of water. For RD220/10 piles, the amount of cement 

used was between 200-250 kg and the amount of water was 80-100 l. The water-cement 

ratio was 0.4 all the time.   

 

Grouting work was finished when the theoretical amount of mass was used and grout 

that was rose from the gap between the pile and rock was thick and looked similar to the 

quality that had been pumped in. The tube-á-manchette was lifted to the bedrock level 

before the completing grouting. The tube-á-manchette was lift in stages to ensure the 

grouting pressure would not drop suddenly and the mass would not begin to flow in the 

wrong direction. 

 

During grouting work, the grout quality was visually observed and the mass 

consumption and working hours were monitored. Grouting pressure was also 

monitored, but due to the open drill hole did not rise during the grouting. Changes in the 

weather were followed roughly from the Finnish Meteorological Institute’s website. 

This was done to notice relevant changes and to be able to recognize the possible effect 

on the results. Relative humidity varied between 45% and 90% and the air temperature 

was mainly between +10℃ and +20℃. Table 10 shows the weather during the grouting 

work. On the first day, the grouting time was in the afternoon, when the temperature 

and the relative humidity were more uniform than on the second day, when the grouting 

time was in the morning.  
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Table 10. The weather during grouting 

Day 1 

time (pm) 
T (℃) RH (%)  Day 2  

time (am) 
T (℃) RH (%) 

12:00 18 51 8:00 13 93 

13:00 18 49 9:00 16 81 

14:00 18 47 10:00 19 68 

15:00 18 45 11:00 20 60 

16:00 18 45 12:00 21 59 

 

The quality of the grouting was ensured using test samples, which were taken from the 

grout mass. This was done to verify the intended compression strength of the grouting. 

The prism samples were taken on each grouting day at the beginning of grouting and 

when finishing the work. On both occasions, three samples were taken from the mixer 

and from the rock surface where the grout rose up from the gap between the pile and the 

rock. Altogether, 24 test samples were taken from the grout mass. Grouting dates and 

statistical information are given in Appendix 1.  

5.2.5 Load transfer structure 

Finding the failure load was set as the target in order to be able to detect the failure 

mechanism. The assumed failure mechanism was the failure of the bond capacity 

between the grouting and pile. The load transfer structure was near to the piles because 

no attempts were made to bring about rock cone failure. The loosening of the rock cone 

was less interesting because, unlike the knowledge of the bond strength, it is not easily 

adaptable to various projects. In addition, Ahomies (21) in his study did not observe 

rock cone failure.   

 

The load transfer structure consisted of HEB beams and pile consoles. An HEB beam 

has an H-shaped cross-section and is made according to European standards. Figure 39 

shows the load transfer system. The design is on the left side of the figure and the actual 

structure which is ready to test pile 1 is on the right side. The pile consoles were 

connected by longitudinal welding to the pile surface to transfer the load from the jacks 

to the pile. The base plate of the pile console was rectangular and the wings that were 

longitudinal to the pile were triangle. Mortar and steel plates leveled the uneven spots 

on the natural bedrock. 
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Figure 39. The load transfer structure  

 

HEB beams transferred the loads to the bedrock. Two sizes of beams were used 

HEB200 and HEB500, which both had extra reinforcement. Steel plates were welded to 

both sides of the beam as extra webs because the shear resistance of the standard beam 

was too low. The thickness of the steel plates was 20 mm for HEB500 and 12 mm of the 

steel plates for HEB200. The steel grade in both beam sizes was S355. The HEB500 

beams were 3 m long and the HEB200 beams were 1.5 m long. The load transfer 

structure was able to withstand over 1.5 times the maximum load.  

5.2.6 Jacking 

The applied force for the piles was induced using four hydraulic jacks in the pull-out 

test. The combined maximum load of the jacks was 3.7 MN. The main purpose was to 

produce a load that could induce pile failure. Table 11 shows the maximum forces for 

the pull-out test. These maximum forces were based on the yield strengths from the 

material certificates of the steel pipes. The maximum forces for smooth surface piles are 

also shows in the middle of the table. These values are calculated from the apparent 

yield strength of the particular steel grade. The cut grooves decrease the cross-section 

area of the piles which reduced the yield capacity of the pile.  

 
Table 11. Yield strengths of non-grooved and grooved steel piles 

Pile type 
A 

[mm2] 

Fyield (smooth) 

[MN] 

Groove 

type 

Fyield (grooved) 

[MN] 

RD140/10 4075 2.1 shallow 1.6 

RD140/10 4075 2.1 deep 1.3 

RDs220/10 6569 3.9 shallow 3.1 

RD220/10 6569 3.2 deep 2.0 

 

Enerpac was the manufacturer of the jacking machinery. The type of the jacks was RRI-

10010 and the maximum pressure of the jacks was 700 bars. Figure 40 shows the jacks. 

The hydraulic unit was two-way functioning and had pressure hoses for both compres-
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sion and tensile forces. The jacks were on the beams and a calotte, a load cell and a ca-

lotte were placed on the top of the jacks.  

 

 
Figure 40. A photo of Enerpac jacks  

 

The tension was adjusted manually using a pressure screw. While the tensile force was 

added, the total force and time were monitored. The pressure screw of the power unit is 

shown in Figure 41. The model of the hydraulic unit was Enerpac ZE4440MW. Because 

the applied force from the power unit was distributed to four jacks, it was difficult to the 

monitor the force. When the screw was rotated and the force increased, stress 

development was slow and did not immediately respond to the increased force. Due to 

this, the force was monitored through the stress gauge and computer to ensure the 

desired total force.    

 

 
Figure 41. The pressure screw 
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5.3 Monitoring during the pull-out test 

5.3.1 Force 

The force that the hydraulic jacks transmitted to the pile was monitored using separate 

stress sensors, load cells. The load cells were assembled between the jacks and pile 

consoles. Monitoring the load between the jacks and the pile console ensured that all the 

jacks transferred the same size load to the pile console. Hence, the force that was 

transmitted through the console to the pile was axial. The monitoring data from the load 

cells was transferred to a data unit which recorded the load at one second intervals. The 

calottes and stress gauges are shown in Figure 42. The calottes have a spherical surface, 

which ensured that the transferred load was even and centralized. The load was 

transferred through of the calottes to the stress gauge. The stress gauges were placed 

between two calottes. The load cells were manufactured by Kyowa and could each 

monitor a maximum load of 1 MN. The load cell type was BL-100TE. The error of the 

load cells was approximately ±0.1%/℃ in compensated temperature area between -10℃ 

and +60℃. (40) 

 

 
Figure 42. Calottes and load cells 

 

The loading was done in steps. The loading steps were based on the previous study by 

Ahomies (21), where the maximum tensile capacity was 3,200 kN for an RD273/12.5 

pile drilled 1.9 m into the bedrock. Accordingly, the maximum tensile capacity 

calculated for RD140/10 pile was 2,155 kN and for RD220/10 pile it was 3,379 kN. 

These piles were drilled approximately 2.5 m into the bedrock. Each pile had 10 loading 

steps. For each pile, the maximum axial resistance, which was based on the yield 

strength of the pile material, was lower than calculated bond capacity. Due to this, the 

maximum loads were decreased to the maximum axial resistance. The designed loading 

steps are shown in Table 12. The values given were calculated based on the actual yield 

strength of the steel from the material certificates and the actual cross-section area. Each 

loading step was kept for five minutes, but if no displacement occurred in a period of 

two minutes, the loading was continued.  
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Table 12. Loading steps for RD140/10 and RD220/10 piles 

Pile RD140/10 RD140/10 RDs220/10 RD220/10 

Groove type shallow deep shallow deep 

Step Load [kN] 

1 216 216 338 338 

2 431 431 676 676 

3 646 646 1,014 1,014 

4 862 754 1,352 1,183 

5 970 862 1,69 1,352 

6 1,077 970 2,028 1,521 

7 1,185 1,077 2,366 1,690 

8 1,293 1,185 2,703 1,859 

9 1,554 1,239 2,872 1,943 

10 1,600 1,293 3,041 2,028 

max. 1,630 1,310 3,070 2,040 

 

There was no desire to exceed maximum axial resistance for safety reasons. If the yield 

strength of the steel material had been reached, the pile could have failed suddenly. If 

this had been allowed to happen, the failure of the load transfer structure would have 

been uncontrollable. In addition, the analyzing of the results would be harder once the 

yield behavior of the pile is non-linear.  

5.3.2 Displacement 

Displacement sensors monitored displacement from the bedrock and pile surfaces. To 

ensure reliable results, a stationary base level was made to measure displacement. 

Hence the base level was constructed far enough away the moving structures. 

Novotechnik was the manufacturer of the displacement gauges and the gauge type was 

TRS 100. The measuring tolerance of the gauge is 0.002 mm (41). Figure 43a shows the 

monitoring platform for the displacement. Figure 43b shows the gauge that monitored 

rock surface displacements and Figure 43c shows the method used to monitor pile 

displacement.  
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a. The platform to monitor displacement 

 
b. Gauge to monitor bedrock 

displacement  

 
c. Gauge to monitor pile displacement  

Figure 43. Strain gauge Novotechnik TRS 100  

 

As Figure 43b shows, a steel band was placed around the pile surface and the pile 

displacement was monitored through this band. When the pile moved in a vertical 

direction, the steel band also moved. The displacement gauge was attached to the 

stationary platform and measured the movement of the steel band, from two sides of the 

pile. The gauges monitored displacement at one second intervals and sent the data to the 

data unit.  

 

Displacement of the rock surface was monitored to ensure the rock did not move and 

affect the results. If the rock surface was too far down from the platform, a steel wire 

was drawn from the displacement sensor to a steel weight that was on the bedrock 

surface. Thus the displacement would have been transmitted to the sensor. Bedrock 

displacement was measured from two points around each pile. The first point was at a 

distance of 0.5 m and second point was 1 m away from the pile. 
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5.3.3  Strains 

The strains were monitored for each pile during the pull-out test. Each pile had three 

strain gauges above the bedrock surface. All three strain gauges were affixed all at the 

same level at regular intervals around the pile surface. Figure 44 shows the strain gauge 

affixed to the pile surface. The gauges were affixed with glue on grind and cleaned the 

steel surface. The instrumented pile had nine strain gauges, of which six were below the 

bedrock surface and three above. 

 

As can be easily seen from Figure 44, the strain gauge was really small and had to be 

carefully installed. The pile in the figure is an RD140/10 pile. The strain gauge monitors 

only strains that are parallel to its longer side. So if the strain gauge had been affixed to 

a slightly tilted position, the gauge would have given incorrect results. The strain on a 

tilted posture is smaller than the strain on the straight one. Since the gauges were all 

affixed by hand, small errors in positioning were possible. If the tilted position was 

noticed visually, it was marked in the loading records.  

 

 
Figure 44. Affixed strain gauge 

 

The strains were investigated more closely from the instrumented pile that had nine 

strain gauges. The strain gauges were set at three different levels, which each had three 

gauges. The first level was above the bedrock surface (the same as on other piles). The 

second and the third level were below the bedrock surface. The lowest measuring level 

was 0.35 m above the ring bit and the middle measuring level was 0.85 m above the 

ring bit. Figure 45 shows the positions of the two lowest levels of the strain gauges. The 

pile was 6 m long in total, so the upper part of the pile is not in the figure. As shown in 

the figure, the measuring level in the middle was located between the grooved sections.   
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Figure 45. The instrumented pile and the positions of the strain gauges 

 

The construction phases for the instrumented pile differed to those of the other piles. 

First the pile was drilled to its target depth and then the pile pipe was lifted up out of the 

rock hole. The lowest two levels of strain gauges were affixed onto the pile surface and 

the pile was installed back into the drill hole. The pile was grouted after it had been 

placed back into the hole. The uppermost strain gauges were affixed before loading. The 

strain gauges were protected with steel profiles to ensure that the gauges would not 

break while the pipe was placed back into the drill hole. Figure 46 shows the uplifted 

pile, where the strain gauges were affixed and protected.   

 

 
Figure 46. The instrumented pile where the strain gauges were affixed and the protection steels 

were welded 
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KYOWA was the manufacturer of strain gauges used in the test. The gauge type used 

was KFW-5-120-C1-11L1M2R. The gauge factor at 24℃ temperature and 50% relative 

humidity is 2.08 ± 1%. The length of the stress gauge is 30 mm. The temperature 

coefficient for a gauge factor is + 0.015% / oC. The strain gauges were glued to the pipe 

piles using strain gauge cement CC-33A. (42) 

5.4 Laboratory tests for the grouting 

During grouting work, 24 samples of the grouting were taken to prism molds. The 

samples were taken to observe the quality of the grouting and to support the analysis of 

the loading test. The compression strength of the grouting was measured to ensure it 

was possible to separate the effect of the grout from the load test results. The prism 

mold used is shown in Figure 47. Each mold had individual numbers for each sample.  

 

 
Figure 47. Prism mold 

  

The compression and flexural tests for the samples were carried out almost at the same 

time as the pull-out test was done at the construction site. The samples were not loaded 

at the exact time of the pull-out test because the piles were grouted in a different order 

than that in which they were load tested. The grouting order was based on pile size, 

whereas it was more reasonable to carry out the pull-out test based on pile location. The 

difference between the load test and the laboratory loading was two days at the longest. 

The bending and compression strengths were determined for each prism sample. The 

load tests of the samples were made according to standard EN 196-1. The sample 

prisms were sized 40 mm x 40 mm x 160 mm.  
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6 Results and analysis of the loading test 

6.1 Results 

6.1.1 Bond capacity 

Only four of all thirteen test piles exhibited bond strength failure between the grouting 

and steel. With the other piles, the maximum applied load was too low to cause failure. 

The bond capacity between the grouting and steel did not fail in any of the RD140/10 

piles and therefore bond strengths are calculated using the maximum applied load. The 

maximum target load for RD140/10 piles with shallow grooves was 1.6 MN and for 

piles with deep grooves it was 1.3 MN.  Table 13 shows the maximum tensile loads and 

the average bond strengths. The average bond strength is calculated by dividing 

maximum tensile load by the area of the pile surface. The calculated bond strength was 

smaller for piles with deep grooves because the maximum applied load was smaller due 

to the smaller yield capacity of the pipe pile. Hence, the values shown in the table are 

practically minimum values for the bond strength.  

 
Table 13. Calculated average bond strength for RD140/10 piles 

Pile type Groove type 
Maximum tensile 

load (MN) 
Bond strength (MPa) 

RD140/10 shallow 1.6  1.47 

RD140/10 deep 1.3 1.20 

 

Four piles that exhibited bond strength failure were all RD220/10 piles. Table 14 shows 

observed failure loads, maximum loads and bond strengths. Maximum target load in the 

test for RD220/10 piles with shallow grooves was 3.0 MN and for piles with deep 

grooves 2.0 MN. For piles 10 and 11, calculated bond strengths can be considered as 

minimum values for bond strength, because the bond capacity did not failure. The 

average bond strength for RDs220/10 with shallow grooves was 1.85 MPa and for 

RD220/10 with deep grooves it was 1.23 MPa.  

 
Table 14. Bond failure load and maximum tensile load for RD 220/10 piles 

Pile number 

and type 

Groove  

type  

Bond failure 

load (MN) 

Maximum tensile 

load (MN) 

Bond 

strength 

(MPa) 

7 RDs220/10 shallow 2.01 3.07 1.79 

8 RDs220/10 shallow 2.48 3.07 1.89 

9 RDs220/10 shallow 2.85 3.07 1.86 

10 RD220/10 deep no failure 2.07 1.20 

11 RD220/10 deep no failure 2.07 1.19 

12 RD220/10 deep 1.93 2.10 1.30 

 

The observed failure point of the bond capacity In RD220/10 piles was sudden and after 

the bond failure, displacement grew varying between 50 mm and 80 mm before re-

attachment. Failure point was determined to be at the point where displacement grew at 

constant tensile force. Re-attachment was assumed to be caused by the ring bit, which 

was greater than the pile diameter.  
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The utility of the groove depth was not observed from the test results. One problem of 

the test was that the maximum applied load for piles with deep grooves was smaller 

than for piles with shallow grooves. This was because the smaller cross-section area of 

piles with deep grooves limited the yield strength. Thus only one pile which had deep 

grooves was loaded until failure.  

 

Figure 48 shows the bond strengths that were calculated from the test results. The 

numbering of piles is presented earlier in Figure 29. Each pile has a small letter after the 

number which tells whether the groove type was shallow (s) or deep (d). RD140/10 

piles are in blue columns and RD220/10 piles in red columns. The piles that had bond 

capacity failure are shown with a pattern. These piles were 7, 8, 9 and 13. Pile 13, which 

was an RD140/10 pile, was the instrumented pile. The maximum bond strength of all 

pile types was 1.89 MPa and the minimum was 1.16 MPa. The average bond strength 

was 1.44 MPa.  

 

 
Figure 48. Bond strength between the grouting and steel, blue columns are RD140/10 piles and red 

columns are RD220/10 piles. Piles that exhibited bond failure are presented in a patterned column. 

The small letter after the pile number refers to the groove type, whether it was deep (d) or shallow 

(s)     

 

Because failure point was not reached in any of the RD140/10 piles, the piles should 

have greater bond strength in reality than shown here. Piles 7 to 9 exhibited bond 

strength failure at an average of 1.85 MPa. Pile 12 had the lowest bond strength of the 

piles that were loaded until failure. The bond strength was 1.30 MPa. Pile 12 was an 

exception to the results due to the fact that bond capacity failure that was reached with a 

surprisingly small load. The pile had deep grooves, so it was assumed to have greater 

bond strength than piles 7-9, which had shallow grooves. Piles 4, 5, 6, 10 and 11 had 

seemingly lower bond strength than pile 12, but these piles were not loaded until failure.  

6.1.2 Compression strength of grouting 

Average value for compression strength of the grouting was 41.3 MPa. This is 

calculated according to EN 196-1 (8). All measured compression strengths are shown in 

Figure 49. Since each sample had two tests, the figure shows both. The blue color 

means one side of the sample and the red color the other side. The patterned fill means 

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

1,8

2

B
o

n
d

 s
tr

e
n

gt
h

 (
M

P
a)

Number of the pile

Bond strength

1 s 2 s 3 s 4 d 5 d 6 d 7 s 8 s 9 s 10 d 11 d 12 d 13 s



71 

 

that they are not taken into account in average compression strength. The minimum 

observed value was 29.8 MPa and the maximum was 52.5 MPa. The reliability of the 

minimum value can be questioned because one side of the same prism sample gave the 

compression strength of 39.8 MPa. The compression strength values shown indicate that 

the required quality of the grouting was reached. Statistical values for the grouting are 

given in Appendix 1 and results from flexural and compression tests are given in 

Appendix 7.  

 

 
Figure 49. The average compression strength of prism samples, the blue color is for one side of the 

sample and the red color is for the other side. The patterned columns are not taken into account in 

average compression strength.  

 

The grouting samples can be divided into four batches. The first two batches (1 and 2) 

were taken during the first grouting day and the second two batches (3 and 4) were 

taken during the second day. Each batch comprised three samples from the mixer and 

three samples of the grouting that rose from the drill hole. Figure 50 shows the 

difference between the uplift grout and grouting from the mixer. Each blue column is 

the average compression strength of the grouting from the mixer and each red column is 

the average of the uplift grouting. The figure shows that quality of the uplift grout is 

practically the same as the quality from the mixer.  
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Figure 50. Difference between grouting from the mixer and that was rising from the drill hole 

 

Figure 51 shows the case when these grouting batches are linked to the piles. The 

compression strengths given are the average from the batches and the average from the 

mixer and the uplift grout. The greatest difference seems to be between grouting days. 

Piles 1-7 and 13 were grouted on the first day and piles 8-12 on the second day. Since 

the grouting was made on both days using the same methods and the same mixing ratio, 

the result was a surprise. Other things that may have affected the results from the 

samples are the weather and the hardening time. On the first day, grouting was done in 

the middle of the day, between 12 noon and 4pm. On second day, grouting was done in 

the morning between 8am and 12 noon. The weather conditions were given earlier on 

page 60. The longest hardening time was for batch 2, which had 13 days between 

grouting and compression test. Batches 1 and 4 had 12 days to harden and batch 3 had 

the shortest time, which was 11 days.        

 

 
Figure 51. Compression strength of grout divided to piles 

 

When both these, weather and hardening time are considered, the difference can be 

explained. Batch 3, which had the lowest compression strength, also had the shortest 
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time to harden, the coldest weather and the highest relative humidity. Batch 4 had warm 

weather, but the relative humidity was quite high. If conclusions were to be drawn on a 

basis of these factors, it would appear relative humidity had the greatest effect on 

compression strength. But again, it needs to be remembered that measuring of the 

relative humidity was not exact. On the other hand, we can also consider the impact of 

the weather during grouting and during hardening.  

6.1.3 Longitudinal strains of the piles 

The correlation between piles 

The strains were observed at three points on each pile. Strain gauges were affixed to the 

pile surface at a height of about one meter above the bedrock surface. The average 

strains for RD140/10 piles are shown in Figure 52 and that of RD220/10 piles are in 

Figure 53. The average strains are calculated from the three gauges on the same pile and 

at the same cross-section. From these figures it is easy to see elastic and plastic behavior 

of the piles. These figures are also shown in Appendixes 2 and 3.  

 

 
Figure 52. Average longitudinal strain in RD140/10 piles 

 

Figure 52 shows that the strains are the relatively same for each RD140/10 pile. The 

piles are colored based on groove type; red curves are piles (1, 2 and 3) which had 

shallow grooves and blue curves are piles (4, 5 and 6) which had deep grooves. Pile 

number 13, the instrumented pile, is in black, because it had fewer grooves. Especially 

piles 2-6 behaved similarly. Piles 1 and 13 behaved a little differently than the others, 

but behaved in the same way compared with each other. When the load was removed, 

the behavior was similar for each pile. Pile 3 had the biggest strain, 0.28%, although its 

maximum load was 1,628 kN. Piles 1 and 13 both had bigger loads, pile 1 had the 

maximum load of 1,635 kN and pile 13 had 1,690 kN, but the maximum strain for pile 1 

was 0.23% and for pile 13 it was 0.25%.  

 

Figure 53 shows that the force-strain relation was similar in all RD220/10 piles, 

although a small difference can be seen between piles of a different groove depth. Piles 

with shallow grooves are shown in red and piles with deep grooves are in blue. The 

strains appear to grow with smaller force in piles that had the deep grooves. Groove 

depth should not affect this because strain gauges were on the smooth part of the pile. 
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The biggest strains were measured in piles 7 and 8. Both had the maximum strain of 

0.32%. These were also the piles that had the maximum loads. The behavior in load 

removal was the same with each pile.     

 

 
Figure 53. Average longitudinal strain in RD220/10 piles 

 

The failure points of bond capacity are shown in Figure 53. In these failure points, the 

strain and force decrease linearly. After bond strength failure, when the re-attachment is 

occurred, the strain and the force increase along the same trajectory to the bond strength 

failure point. The only exception is pile 7. Figure 54 shows this case more closely. The 

figure is the same as the previous one, but focuses on failure points and the piles that 

did not have the failure of the bond capacity have been removed. While the decrease of 

the strain was evident in other piles when the force decreased, the failure was not that 

obvious in pile 7. The failure point of the bond capacity occurred at about 2,000 kN and 

it is encircled in black. There is also a short decrease in the strains.     

 

 
Figure 54. Longitudinal strains at the failure of bond capacity 
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Loading was done in steps but in presented figures, time is not included. These load 

steps depended on time and affected strains. When force was increased, strains followed 

behind. When force was kept steady, strains had also time to level off. This explains the 

shape of the curve.  

 

Figure 55 compares the strains with the pile types. The RD140/10 piles are shown in 

green and blue, and the RD220/10 piles in red and yellow. In this figure, effect of the 

pile size is quite obvious. Initially, the strains increase linearly with loading. This linear 

behavior is directly proportional to the cross-section area of the pile. The strains are 

quite linear in the RD220/10 piles, with a load of 1,500 kN, whereas in the RD140/10 

piles, the strains increase much faster.  

 

 
Figure 55. Average strain for both pile types 

 

The instrumented pile 

The instrumented pile was made solely to investigate the strain development along the 

length of the pile. The results obtained are shown in Figure 56. The strain gauges that 

were at the uppermost level on the pile are marked with U1, U2 and U3, strain gauges 

that were below the bedrock surface and at the lowest level are marked with L1, L2 and 

L3. The strain gauges M1, M2 and M3 were below the bedrock surface in between the 

afore-mentioned strain gauge levels. Records from strain gauge L1 are missing due to 

the unknown reason for breakage. Figure 56 is also given in Appendix 4.  
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Figure 56. Strain development in instrumented pile. The uppermost strain gauges are U1, U2 and 

U3, the lowest strain gauges are L2 and L3 and strain gauges in the middle are M1, M2 and M3.  

 

The maximum strain at the lowest strain gauge level was 0.01%, at the middle level it 

was 0.12% and at the uppermost level it was 0.27%. Thus, strains did not develop 

evenly along the pile length. Distance between the uppermost strain gauges and the 

middle strain gauges was about 1.7 m, and the distance between middle strain gauges 

and lowest strain gauges was about 0.5 m. Even so, the strains in the uppermost gauges 

were 2.3 times greater than the strains in middle gauges and the strains in the middle 

gauges were 8.7 times greater than the strains in the lowest strain gauges. Totally, the 

strains in the uppermost gauge were 20 times greater than strains in the lowest gauges.   

 

In the uppermost gauges, the increase in strain was approximately linear in relation to 

the increased force. The gauges at the middle level started to transfer forces after a load 

of about 600 kN. The strains grew quite steadily and in about a force of 1,000 kN was a 

transition point. The curve changed its direction a little and the strains started to grow at 

the same rate as the strains in the uppermost gauges. The strains at the lowest gauges 

started to grow after a force of approximately 1,200 kN. Hence, it is possible that the 

groove length took about 600 kN, which means that a 1 m length of grooves could take 

about 2,000 kN. The grooved length was only 0.3 m between the stress gauges. Thus the 

bond strength on the grooved part would be 4.6 MPa. Although, only one pile described 

the stress distribution so this is only a theoretical and optimistic view of the results.   

 

Based on the strain distribution along the pile length, the lowest part took the least of 

the loads. This is clearly visible in Figure 56, where the strains on gauges L2 and L3 

start to properly develop after a load of 1,200 kN. The lowest strain gauges were below 

the grooved parts, so this was the limit force. Exceeding this limit force implied that the 

load began to move towards the pile tip. Unfortunately, loading was ended at 1,690 kN, 

due to limiting yield load of the piles. Otherwise, it could have been possible to 

investigate the failure of the bond strength more closely.  

 

After load removal, strains should decrease near to its original state in the uppermost 

gauges strains.  While the yield strength was not exceeded, only small plastic 

deformations should occur. The yield strength for the steel grade is based on an 

allowable 0.2% strain. So if yield strength is not exceeded, the strains should return 
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below this. Figure 56 clearly shows that the strains in the uppermost level returned 

almost to the original state. While the maximum strain was about 0.27%, the strains did 

decrease to below 0.05%. The strains at the middle level and at the lowest level did not 

return that much. These levels were below the rock surface and the surrounding 

grouting may have prevented the release of the stress.   

6.1.4 Displacement 

Vertical displacements were measured at two points on the pile surface and at two 

points on the rock surface. The displacement sensors of the pile were about 0.5 m above 

the rock surface, both at the same level and in the same cross-section. The sensors 

monitoring displacement on the rock surface were at a distance of about 0.5 m and 1 m 

from the pile. Figure 57 shows displacements for RD140/10 piles and Figure 58 

displacements for RD220/10 piles. These figures are also in Appendixes 5 and 6. The 

displacement graphs are drawn from average values of the measuring points. 

 

Piles displacement  
The maximum displacement of RD140/10 piles was observed with pile 2, which had a 

displacement 6.27 mm. The minimum displacement for a load over 1.6 MN was 

observed with pile 1, where the maximum displacement was 5.19 mm. Hence the 

displacements were quite similar. The displacements had a greater variation than the 

strains between piles. This is of course due to the fact that the development of 

displacement is in relation to many factors, like grouting, voids, steel, grooves, etc. The 

strains above the bedrock surface mainly depend on pile size and steel properties.   

 

 
Figure 57. Displacements of RD140/10 piles  

 

The pile materials were mixed before the test and the displacement curves implies that 

piles 2, 3, 4 and 6 could have been made from steel grade S440J2H and piles 1, 5 and 

13 from steel grade S550J2H. In Figure 57, the difference starts at about load 900 kN, 

after which it starts to grow. While yield strength is smaller for pile of steel grade 

S440J2H, the yielding starts earlier and increases displacement at the same time.   

 

There was a much greater variation in displacement in RD220/10 piles that were loaded 

at the failure point of bond capacity. Piles 10 and 11, which did not reach the failure 
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load, do not even show in the figure due to small displacement. Maximum displacement 

was 86.1 mm and this was observed with pile 12. It occurred at a load of about 2.1 MN. 

The maximum displacement was 57.8 mm for piles that had a maximum load exceeding 

3.06 MN. The smallest displacement after bond failure was measured for pile 9, which 

had a maximum load of 3.06 MN and maximum displacement of 38.8 mm. The 

displacement for piles 10 and 11 were less than 5 mm.     

 

 
Figure 58. Displacements of RD220/10 piles 

 

In Chapter 6.1.3 about strains above, it was noticed that pile 7 did not exhibit evidential 

strain decrease at failure point of bond capacity. As the force decreases, the strains 

should also decrease. This could mean that the stresses were not able to be released. 

Although from Figure 58 it is obvious that the failure did occur and the displacements 

grew. The difference is that the load did not sharply decline as in the other piles. It had 

only a small decrease before starting to increase again. Hence, the stress was released 

only for a moment.  

 

Displacements on the bedrock surface  

Displacements on the bedrock surface were monitored to ensure that they did not occur. 

Some displacements were observed near the piles, but displacement was mostly small 

scale. Figure 59 shows the displacements measured. The number after the pile number 

is the measuring sensor number. Number four was the sensor that was closer to the pile 

and number five was the sensor that was further away from the pile. The displacement 

that seems to exceed 1 mm in the figure is the displacement for pile 9. The other sensor 

did not detect big movements, so the measurement can be assumed to be an error. In 

addition, there are peaks in the results. The explanation for these is also some kind of 

error. Due to the fact that both peaks are in pile 8, it was assumed that something hit the 

measuring platform during monitoring. The highest displacement of pile 8 was 

measured during load removal.      
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Figure 59. Displacements on the rock surface 

6.2 Analysis of the loading test  

6.2.1 Factors affecting the results 

Many factors affect the tension capacity of a drilled pipe pile. Some factors are formed 

due to construction site conditions, like rock quality and the level of the ground water. 

Other factors are due to the weather during construction and others are due to the 

material properties and quality control of the work. The most probable factors are 

discussed below.  

 

Quality of the work 

Drilling, cleaning and grouting were done as they would have been on an actual 

construction site. The objective was to achieve results that would correspond to the 

outcome of actual construction situation. The main difference was that piles were drilled 

straight into the rock surface. Piles are normally drilled into the surface of the ground 

and through a soil layer. Now the absence of the soil layer simplified several 

construction phases.  

 

First of all, the absence of the soil layer speeded up drilling work. Drilling included only 

2.5 m drilling into the bedrock. Secondly, cleaning of the drill hole was easier and more 

reliable because there was no soil collapsing into the drill hole. Also it was possible to 

see the mouth of the drill hole. This, in turn assisted flushing of the hole because it was 

possible to see when the hole was definitely cleaned. The drill cutting was observed to 

block the drill hole easily, so if there had been a soil layer, a more effective cleaning 

method might have been required. In this study, the holes were cleaned using a tube-á-

manchette at tap water pressure, which was not strong enough for some of the piles. 

Cleaning was helped with a pressure washer from the rock surface. This idea could have 

been better thought trough because the pressure washer cannot be used if the bedrock 

surface is under a thick layer of soil.  

 

Piles were relatively short because they were drilled from the bedrock surface. In an 

actual construction situation, the piles would be longer, which would increase the 

possibility of deflection. Pile deflection depends on the soil layer properties and on the 

length of the pile. When piles are deflected, the tensile load will not transfer axially to 

the pile, which will possibly cause different behavior. Deflection can also weaken the 

pile, for example, at the splices.   

Bedrock displacement 
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Bedrock quality was observed to be good. There were no remarkable fractures or 

weakness zones that could have had seriously affected to the work. Fractures could have 

complicated drilling, cleaning and grouting and also pile length would have had to be 

increased. This would also have meant formation of the rock cone would have had to be 

taken into account in the study. The strength of the bedrock was considered high. The 

surface of the bedrock was cleared around each pile to have a good look at the quality of 

the bedrock. Figure 60 shows one example of a revealed rock surface. This figure was 

taken at pile 5.    

 

 
Figure 60. Revealed rock surface near pile 5 

 

Figure 61 shows a cleaned rock hole. The hole in the figure is the drill hole of pile 13, 

the instrumented pile, which was first drilled and then the pile pipe was lifted up out of 

the drill hole. The surface of the rock hole was smooth and clean. There were no visible 

fractures or voids visible in the length.  

  

 
Figure 61. A cleaned rock hole of pile 13 
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The shortest pile was number 12, which was 2.35 m, and the longest was pile 1, which 

was 2.62 m. The difference between these is 0.27 m, which is quite a lot in relation to 

the desired bond length of 2.50 m. Pile 1 was drilled first. The mark for the right length 

was made after the drilling had started and finally drilling had been done for an extra 

length. Pile 12 was the last pile drilled. The short length can be a result of negligence or 

the fact that the pile was in a small pit. The drilling water and rock cutting rose up to the 

pit and the drill hole was hard to see during the drilling. Figure 62 shows the pit after 

drilling and cleaning the surface. During drilling, this pit was filled with drill cutting. 

When comparing this figure with Figure 60, the difference in the starting points is clear.   

 

 
Figure 62. Pit around pile 12 

 

The absence of the soil layers helped also grouting work. The quality of uplifted grout 

could be ensured because it was not mixed with the soil. Grouting was continued until 

the designed amount was used and the drill hole was observed to be totally filled with a 

homogenous mass. This would not have been possible to observe if there had been a 

soil layer above the rock hole. On the other hand, while the soil layer may complicate 

the observation of quality, now piles were grouted against a purely open drill hole. 

Normally, soil would close the upper part of the hole and cause a little counter pressure 

at the beginning of grouting. This could induce better penetration of grouting to 

surround of the pile. Conversely, it could reduce the quality of grouting in the top parts 

of the pile, where the grouting is needed more for corrosion protection than to improve 

bond capacity.  

 

The lifting of the tube-á-manchette gave issues to think during grouting work. When the 

tube-á-manchette was loosened from the pile, grout began to flow back inside the pile. 

Attempts were made to keep this movement to a minimum by relocating the tube-á-

manchette as quickly as possible. In each pile, the mass flowed backwards for a short 

period of time. After the tube-á-manchette had been lifted to the level of the bedrock 

surface and screwed tightly back into the pile, grouting was continued. Grouting was 

carried on until the grout mass rose up from the drill hole. This problem could have 

been solved by locating the tube-á-manchette at the right pressure height. This height 

was considered as too high for successful grouting. Grout could have been disturbed 
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when falling at the bottom of the drill hole. Another risk would have been that grout 

would have been mixed with water and the particles of the grout become separated.   

 

Another manchette problem occurred with pile 12, when the tube-á-manchette broke. 

The manchette had to be lifted all the way up and repaired. The effect of this was 

concluded as minor, because grouting work was already at the final stage. In addition, 

the grouting was still done during the limited mixing time.   

 

Grout was made in batches. The maximum suitable capacity for the grout mixer was 

about 40 liters of water and 100 kg of cement. When grouting of pile required a higher 

amount of grout, grouting had to be stopped to make the following batch. This was the 

case mainly with RD220/10 piles, which were filled with two batches or more. In any 

case, the work was done within the maximum processing time for the grout. For Nonset 

50, the mixing and grouting time was limited to 45 minutes to ensure maximum 

expansion.  

 

One difference compared to an actual project was also the fact that whole work was 

done in the weather desired. It rained on only one morning of the whole construction 

period. This was during the pull-out test. Cold weather and rain during grouting work 

will always impact the quality of the grouting. Both, the mixer and the open screw 

pump would have needed to be protected from extra water. In this study, these problems 

were totally avoided.       

 

Quality of the material 

Material certificates proved that the steel quality complied with the requirements. The 

mixing of steel grades might have slightly impacted on RD140/10 pile results. It was 

also possible that the steel grade was mixed inside the piles. This could have happened 

when piles were cut into two pieces and one part of the pile was grooved. The piles 

were then welded together again. Because the results showed no clear division into two 

different behaviors and the steel grade should only affect the yield capacity, the effect 

on the results was assumed to be minor. Mixing of the steel grades had the biggest 

impact on the design of the maximum load, which had to be calculated based on the 

smaller yield strength. This lowered the possibility to reach the failure loads.  

   

The compression test made for grout samples gave more than adequate results for 

compression strengths. However, the stored samples had quite different conditions 

compared with the conditions inside the piles. After the samples were cast, they were 

covered with filter cloth and plastic and then left outside to harden. The temperature 

varied between +25℃ during the day and +15oC at night. The relative humidity varied 

from 40-90%. In the drill hole, which was fully grouted, the conditions did not vary that 

much. In addition, the grout had over 10 days to harden before the load test. 

 

The compression tests were intended to be done during the pull-out tests. Due to the 

grouting and loading order, contemporary loading was not fulfilled. The grouting was 

done in order of the pile size and the pull-out test was done in order of the location. 

Thus the samples could not be loaded at the same time as the piles were loaded. This 

was not considered to have a detrimental effect on the results, especially because the 

grout had an unusually long period of hardening. Increasing of compression strength 

slows down as the hardening time increases.        
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Piles that ended up failing in bond capacity were re-attached to the drill hole after large 

displacement and the load started to increase again. This re-attachment can be explained 

by the mechanical bonding of the ring bit. The ring bit is larger than the pipe diameter 

and after bond failure the ring bit no longer fits through the hole, but remains stuck in 

the grouting. The ring bit will start to transfer larger loads than the failure load of the 

bond capacity.  

 

Flushing holes can also affect the results and especially the magnitude of the 

displacement after bond capacity was exceeded. The flushing holes were made 200 mm 

above the ring bit. It is possible that the grout did not spread downwards from the 

flushing holes. Or the grout may have gone downwards, but only for a short distance. 

This might have caused a gap between the flushing holes and the ring bit. If there was a 

gap, the pile would have had a chance to move upwards until the grouting was reached.  

This would of course happen after failure of the bond capacity. When failure of the 

bond capacity occurs, the load is high and if the pipe is able to move, the failure will be 

sudden. The ring bit will hit the grouting with great force and cause more damage to it, 

which again increases displacement. This gap is shown more closely in Figure 63.  

 

As a conclusion for this theory of “the gap”, the grouting should be started with flexible 

mass, slowly, so that the grout would not have pressure to go upwards. Another option 

is to use a ring bit, which is designed for grouting, or lower the flushing holes closer to 

the ring bit. A third option is to make grooves on the outer surface of the ring bit to 

allow the grouting to spread from the pile tip to the gap. On the other hand in actual 

construction work, a soil layer would be on the bedrock surface working like a plug 

preventing the easy outflow of the grout. The soil would cause the grouting pressure to 

pick up and force the grout to flow also towards the ring bit and this would fill any gap 

between the ring bit and the flushing holes. This requires the water to be able pass out 

of the gap.      

 

 
Figure 63. The spread of grout mass and the gap between the ring bit and flushing holes 
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Measuring problems and accuracy 

The target load steps were not reached exactly as planned because the increasing of the 

load was inaccurate. The power unit transferred the total force for four hydraulic jacks. 

The force was adjusted using a manual screw, which responded slowly to the increased 

load. The transferred loads were followed through the load cells. The behavior of the 

pile does not change depending on the load steps and the impact of this was mainly in 

the performance of the work, not in the reliability of the results. The control of the 

forces was done as accurate as possible and attempts were made to reach the load steps. 

If all the piles of the same type had had the same load steps, the comparison would have 

been simpler. Thus the impact of the time could have been eliminated from the results. 

While the load could not be adjusted with high accuracy, the measuring of the force was 

highly accurate.      

 

The strain gauges were assembled manually on the surface of the pile. The strain gauge 

was 30 mm long and 12 mm wide. The thickness of the gauges was only a few 

millimeters. The gauges were affixed onto the cleaned pile surface in intended locations. 

Although the gauges were installed carefully, some tilted positioning in relation to the 

pile was noticed. The gauge could not be straightened out after it had been glued. The 

tilted positioning cause incorrect measuring results because the gauge measured strains 

in the wrong direction. The strains were smaller when the gauge was in a tilted position. 

A posture tilted by 5o cause an error below 0.4% to the results. In conclusion, when the 

tilted posture was not visible, the error was not significant. A visual assumption of the 

maximum tilt in the test was about 5o.       

 

One of the problems was that the failure mechanism could not be proved. The 

hypothetical bond failure between grouting and steel was reached in four of the piles. 

However, this failure mechanism could not be confirmed. The failure could have been 

also the bond failure between the grouting and rock or some kind of combined failure of 

the bond capacities. The grouting could have failed, which is unlikely though because 

its quality was proved in laboratory tests. The combined failure could be a result of 

unsuccessful grouting which could have caused discontinuance of the bond length. The 

failure of the bond strength between the grouting and steel was assumed to be the failure 

mechanism based on the previous study and the fact that the failure was a brittle failure. 

In addition, if the failure had been between the rock and grouting, the grouting would 

have moved upwards with the pipe. This was not observed in the test. Furthermore, if 

the failure had occurred between the grouting and rock, the failure would have 

happened more slowly, displacement would have grown more steadily and the re-

attachment would not have taken place.      

 

All measurements were done with several gauges. Each pile had three strain gauges and 

two displacement gauges. This increased the reliability of the measurements because 

each measurement could be compared with another. Also all graphs were drawn based 

on average values. An example of this is shown in Figure 64, which shows the 

measured displacements of pile 12. The green line in the middle is the average result. 

This figure also shows one measuring problem that was with pile 12, where the 

displacement gauge was installed too high. The measuring length ran out of the 

measuring clock. This was not a problem in the results because the error was easy to 

locate based on the other gauge that was working. The figure shows that the 

displacements were very equal until about 77 mm. At this point, another gauge (number 

2, in blue) gave unrealistic values. Another error was confronted with a strain gauge in 
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pile 13. One of the strain gauges did not give the same result as the other gauges at the 

same level. The development of the strain was observed through the whole load test and 

the strain was stable the entire time. Hence this gauge was judged as broken.    

 

 
Figure 64. The average displacement based on the measurements 

The measuring accuracy helps to make reasonable conclusions from the results and the 

accuracy requirements should always be chosen related to the objective of the 

investigation target. In this study, the objective was to find failure mechanisms of 

drilled piles. A reasonable accuracy for displacement of a pile could be about 0.1 mm. 

Smaller displacements are not reasonable to measure, due to the fact that displacements 

are not monitored in every direction, so the actual displacements remain unknown 

whether the monitoring is more accurate or not. The scale of displacement is 

comparable with a strain accuracy of 0.0025% and a force accuracy of 20 kN. The 

measurements were uniaxial and done in the direction assumed to have greatest 

deformations. 

As previously stated, the gauge factor of the strain gauge was 2.08 ± 1% in 24℃ 

temperature and at 50% relative humidity. The accuracy of the strain gauge was ±1.8 

𝜇𝜀/℃ in a reference temperature of 23℃. The self-temperature-compensation-range of 

the gauge was between 0 and 80℃. The temperature compensation range was even 

wider for the glue that was used to attach the gauge to pile surface. The variation of 

temperature during the measurements was only a few degrees. Due to this, the 

maximum error of strain gauges was at the most around ±18 𝜇𝜀. Hence, the accuracy of 

the strain monitoring is much higher than required to have reliable results.  

The error of the load cells was approximately ±0.1%/℃ in compensated temperature 

area between -10℃ and +60℃ . While the monitoring was done within a 1 MN load, the 

error might have been at the most ±0.001 MN, which equals ±1 kN, which is not 

relevant in practice. And while monitoring smaller forces, also the error was smaller. 

Hence, the measuring of forces was accurate and the results reliable. Displacement 

gauges were manufactured by Novotechnik and the used gauge type was TRS 100. The 

measuring tolerance of the gauge was 0.002 mm. All in all, the measuring devices were 

more accurate that was practically needed. The possible errors of the results were 

caused by other reasons. 
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The load transfer structure 

Figure 65 shows the load transfer structure that was done for loading of pile 7. The 

development of the rock cone was not the target. However, if the rock cone would have 

loosened, the load transfer structure would have prevented it. This is because the 

structure was made close to the pile. Another problem would have been encountered if 

the quality of the rock had been weak and fractured. Then the load transferred to the 

bedrock could have transferred through the rock to the surface of the pile as a normal 

force. Then, the normal force would have increased the friction on the surface of the 

pile. This is a highly theoretical event and it is only possible if the load would be much 

higher and the rock tremendously fractured. The bedrock is extremely rigid and this 

kind of transfer of loads would require deformation of the bedrock.  

 

 
Figure 65. Load transfer structure 
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A more realistic problem was the straightness of the load transfer structure. The 

problem in the construction of the load transfer structure was that piles are rarely or 

never straight and ideally vertical. Console parts were welded onto the pile surface. 

These were assumed to form a perpendicular level in relation to the pile. The bedrock 

surface was also uneven. The bedrock surface was levelled with concrete blocks. Beams 

were assembled on the blocks to a horizontal plane at spirit level. This was done using 

steel plates placed between the beams and concrete block. The hydraulic jacks were 

placed on the beams. 

 

The total structure was built up from several components, the mutual straightness of 

which was difficult to achieve. To start with the fact that the pile was aslant, the other 

components should have been made at the same angle to induce axial stress from the 

hydraulic jacks. The transferred load was monitored from stress gauges that were 

assembled above each hydraulic jack. This revealed a slight difference between the 

transferred forces. The strain gauges and the displacement gauges also revealed 

something about the straightness of the piles. Figure 66 shows the monitoring points for 

pile 1 and also presents the platform used for the monitoring of displacements. The 

platform was made of steel and it was assembled on the bedrock. The measurements 

points in the figure are exact for displacement monitoring, but the places for strain and 

force monitoring are only theoretical.  

 

 
Figure 66. Monitoring points of pile 1, viewed from above 

 

Figure 66 shows the monitoring places for rock displacement points (RD) in green, 

places for the pile displacements (PD) in blue, the strain (S) monitoring points in red 

and the force (F) monitoring points in purple. Table 15 shows the measured values for 

each point at maximum load. When comparing the measured values, some assumptions 

about the load transfer structure can be made. Forces F1 and F2 were the greatest and 

force in gauge F3 was the lowest. Because the forces in gauges F1 and F2 were the 

greatest, also the strains in gauges S2 and S3 should be larger than strain in S1, which 

was true based on the measured values. When the forces are compared with the 

displacements, the forces were greater on gauges F1 and F4 than on gauges F2 and F3. 

Consequently, the displacements should be greater in gauge PD5 than in gauge PD1. 

This was also true. In conclusion, the load transfer structure was slightly tilted in 

relation to the pile. This affected the results, but it was possible to minimize the effect 

with the help of several measuring points.      

 
Table 15. Monitoring results from pile 1 at the maximum loading 
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6.2.2 Discussion of the load test results 

This investigation is a useful base for further studies. The main problem on the 

utilization of the results is the fact that the work was executed from a reveled rock 

surface, which does not correspond to an actual execution of drilled piles. This absence 

of a soil layer may have affected the results. The soil layer might affect the cleaning of 

the drill hole, which in turn may weaken the quality of grouting. The soil may remain 

on the pile surface or get stuck in the grooves on the pile surface. Either way, the bond 

strength will decrease.  

 

The grooved surface increased the bond strength compared with the results of the 

previous study by Ahomies (21). The observed bond strengths from the previous study 

are shown earlier in Table 5. Figure 67 shows a comparison of the results of bond 

strength. This figure shows the differences between the bond strengths quite well. The 

red and blue columns are the results of this study and the green columns are the results 

of the previous study. Hence the blue columns are RD140/10 piles, the red columns are 

RD220/10 piles and the green columns are RD273/12.5 piles. The piles that exhibited 

bond strength failure are marked with a pattern. This figure requires a few comments. 

First, one of the red piles (15) and nine of the blue piles (1, 2, 3, 4, 5, 6, 10, 11 and 13) 

were not loaded to failure point. Secondly, piles in the previous test were installed 

through a soil layer. Thirdly, piles used in the previous test were RD270/12.5 and the 

bond length varied between 1-2 m. The previous study also tested different methods for 

grouting and drilling. In addition, the previous study observed that the grouting was not 

distributed uniformly on the pile surface.  

 

 
Figure 67. The comparison of the bond strength between smooth and grooved pile surfaces, the 

green columns are from the test by Ahomies (21) and the red and blue columns are from this study. 

Piles which exhibited bond strength failure are shown by patterned columns.   

  

While the grooved surface was detected to have a great impact on the bond strength, the 

groove depth was not found to affect the results. This may be due to the fact that the 

piles could not be pulled up with sufficient force. The results gave no reason to use 

deeper grooves. The main effect of the deep grooves was that they lowered yield 

capacity for the piles and hence also recused the maximum load. Due to this, if the steel 

properties already limit the design before the bond capacity, deep grooves are not 
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needed. When grooved piles are designed in practice, it is important to realize the 

influence of corrosion. While the grooves decrease the yield capacity of the steel, the 

sacrificial steel for corrosion protection will decrease the capacity even more. Another 

question is how possible the risk of corrosion on the bond length is below the bedrock 

surface.   

 

A pile with deep grooves had the lowest bond strength of piles that exhibit the failure. 

The reason for the failure can, of course, be due to something else, but this does not 

encourage of using the deep grooves either. Because none of the remainder piles with 

deep grooves was loaded at failure point, it is not possible to give the main reason for 

the failure. The failure can be a result of some mistake made in the installation work, 

which had a little to do with the groove depth. While in this test, deep grooves were 

disappointing their benefits may become relevant in actual construction. For example, if 

piles are drilled through a soil layer, the deep grooves might be easier to clean due to a 

bigger area, and they might provide better bonding if cleaning fails. 

 

The utility of bond length was quite obvious from the results of the instrumented pile. 

With loads of this size, there are no reasons to increase the bond length, because loads 

are transferred to the bedrock at the beginning of the bond length. Figure 68 shows the 

difference between applied maximum force and developed stress. The presented stresses 

are calculated based on measured strains so they are not exact values of stress but are 

exact in relation to each other and suitable for illustrating purpose. The uppermost strain 

gauges are shown by red columns, the mid gauges are shown by green columns and the 

lowest gauges are shown by blue columns. When the load was increased to over 1,600 

kN, the stress on the pile tip was only about 25 MPa, while it was about 500 MPa at the 

top of the pile. In the grooved part, between the other two gauge levels, the stress was 

about 250 MPa. In addition, this figure shows the difference between gauges on each 

level. The uppermost gauges have the greatest strains and biggest difference in the 

measurements.      

 

 
Figure 68. Applied maximum force in relation to stress in pile 13. The red columns are the 

uppermost strain gauges, the green columns are the strain gauges in the middle, and the blue 

columns are the strain gauges at the lowest level.  

 

Figure 69 also shows the stress distribution in pile 13. This figure illustrates the stress 

distribution for different applied forces. Each color represents a different applied force 

and the magnitudes of the forces are shown above the curves. Hence, the applied force 

is shown in upperpart of the figure and the induced stress is on the horizontal axis. In 

the left side of the figure is an illustration of the strain gauge locations on the pile 

length. The stress shown is the average stress for each measuring level, calculated from 
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the measured strains. Hence this stress is not accurate, but it describes the stress 

distribution. The first two applied forces did not cause any stresses at the lowest 

measuring points, so the curves end at the middle gauge. The stress is assumed to be 

constant in the length of the pile, which is above the bedrock. Below the bedrock, the 

bond length will start to transfer loads. The stress clearly decreases faster between the 

lowest two gauge levels than between the highest gauge levels. The impact of the 

grooves cannot be separated from the figure, but it is possible, that the behavior is the 

same in both grooved lengths. This possibility is illustrated for the applied force of 

1,690 kN, with purple color and a dashed line. If the curve for the applied force of 1,300 

kN is observed, the stress appears to decrease fairly straight downwards. With the 

applied force of 1,500 kN, there is a a clear difference in stress decrease between gauges 

U-M and M-L. This change is even clearer with the applied force of 1,690 kN. So there 

are two possible assumptions; either the stress distributes more evenly with small loads 

or the grooves transfer loads more effectively with bigger loads.  

 

 
Figure 69. Stress distribution in pile 13 

   

Understanding the development and distribution of stress is important due to the earlier-

mentioned bond length determination, but also to realize the impact of the grooves on 

the yield capacity of the pile. To examine this more closely, Table 16 shows 
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measurements made for pile 13. This table shows the measuring levels of the average 

strains and the calculated stress based on the measured strain and the elastic modulus of 

steel. In “distance to rock” column, the “+” sign means that the measuring point was 

above the rock surface and “-” means that the measuring point was below the rock 

surface. The stress was multiplied by the cross-section area of the RD140/10 piles to 

obtain the force affecting the pile. The calculation was made for a standard smooth-

surface pipe pile. The maximum yield load for a smooth surface pile was about 2.1 MN 

and for piles with grooves it was 1.6 MN. The yield resistance was exceeded in the top 

part of the pile (without grooves) and along the bond length (with grooves) the tensile 

stress was not even half of the yield resistance. 

 
Table 16. Measured average stress and calculated force on pile surface, pile 13 

Measuring level Distance to rock (m) Stress (MPa) Force (MN) 

Uppermost +1.0 527.7 2.15 

Middle -1.65 242.7 0.99 

Lowest -2.15 27.0 0.11 

 

In this example, grooves did not lower the yield resistance in practice because the stress 

was not distributed evenly along the entire pile length. If the knowledge of the stress 

distribution had been more exact, the pile could have been designed more effectively. 

Based on these measurements, it is obvious that most of the stresses are centered on the 

free length, on the part without grooves. So this part could have been designed based on 

the total capacity of the pipe and the lower part, where grooves were, calculated with a 

reasonably lowered value and for smaller cross-section area. Thus the designed 

maximum value could be based on a greater load capacity.   

 

From test results of pile 13, it can be assumed that the grooved part could transfer a 

2,000 kN load. If the grooved length took 2,000 kN in RD140/10 piles, then RD220/10 

piles should be able to take 3,140 kN if the calculation is done based on ratio of pile 

diameters. Four of the RD220/10 piles exhibited bond strength failure, none of which 

was that high. Force of 2,000 kN is suitable also for RD220/10 piles. One of the 

RD220/10 piles failed earlier at a load 1,930 kN. For other piles, the failure loads were: 

2,010 kN, 2,480 kN and 2,850 kN. These have high variation and hence comparison is 

difficult.        

 

The distribution of the stresses can also be investigated based on the measured 

displacements. The displacements should be roughly equal to the strains multiplied by 

the total length of the pile, while the pile is not loosened from the bedrock. Figure 70 

shows the difference between measured displacements and displacements calculated 

from the strains. Measured displacements are shown in green and the calculated values 

are in red. The blue line is the average of the measured displacements. The total pile 

length used for calculation was the distance between the pile tip and the console, where 

the loads were transferred. This is the pink line called “displacements based on average 

strain (4m)” in the figure. The red line in the figure is called “displacements based on 

average strain (2m)” and has been calculated from the strains. This is calculated as the 

same way as the previous graph with the difference that the calculation length is only 2 

m. In this length, 1.5 m of this length is above the rock surface and 0.5 m is below the 

rock surface. While this bond length is only 0.5 m, still the red graph looks a lot more 

like measured displacement graph than the pink graph which was calculated based on 

the actual length of the pile.    
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Figure 70. Displacement in pile 1 

 

While Figure 70 shows the relation between the displacements and strain distribution, 

this can be investigated even more precisely. Figure 71 includes same curves as the 

earlier figure, but the measured results of gauges 2 and 6 are omitted and only the curve 

of their average displacement is left. This is again shown in blue. Also the curve 

“displacements based on average strain (4m)” is omitted. Now the new curves are in 

green and dark red. The increase in the length is done in the steps that describe the 

actual procedure of evolving displacements. The used load-length relation steps are 

shown in Table 17. These load-length steps were chosen based on the actual 

displacement measurements. Hence, these were based on the question: “What needs to 

be the total stretching length to gain the measured displacement from the measured 

strains?”  

 

 
Figure 71. Calculated displacement in pile 1 
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Table 17. The length of the pile that responded to the applied force 

step Force (kN) stretch 
length (m) start end 

1 0 800 1.00 

2 800 1,300 1.50 

3 1,300 1,530 1.75 

4 1,530 1,600 2.00 

 

These load-length relation steps were chosen to describe with reasonably accuracy the 

actual stress distribution according to measured displacements. The curve of the load-

length steps is shown in Figure 71 in green and called “load length graph (LLG)”. From 

this curve is drawn a trendline which is a quadratic equation, this is in dark red and 

named “Trendline for LLG”. In conclusion to this, it could be said that, on average, 

when the load is under half the maximum load, the first meter of the pile takes most of 

the load. This does not sound right, because the free length was 1.5 m. When the load is 

between 50% and 80% of the maximum load, the stretchable length is 1.50 m. Finally, 

when the load is over 80% and under 95% of the maximum load, the stretchable length 

is 1.75 m. After this, the pile started to stretch from length of 2 m. The problem in this is 

the determination of the maximum load. The maximum load was determined based on 

the yield capacity of the steel pile. Hence, the possible effect of the steel yield capacity 

on the bond capacity and on the distribution of the loads also needs to be investigated. 

 

The real mistake in this assumption is that the calculation gives deformation for the pile, 

which includes only the extension of the steel pile. Displacement of the pile includes the 

extension and the actual movement of the pile in the drill hole. So, these two are not 

directly comparable with each other. However, when the displacements and strains are 

small, the stretchable length can be investigated as previously suggested, but this is only 

estimation and its weaknesses need to be realized.  

 

One useful test was also the compression strength test of grouting. First, there is no 

doubt that the quality of the grouting would not have met the requirements. Second, the 

grout from the mixer and the grout that was rising from the drill hole was the same 

quality. Even though, for example, samples 22 to 24 were taken from the uplifting mass 

that was mixed with water on the surface of the bedrock, the quality of the mass was 

still good.  

 

Also the comparison with the other methods of transferring tensile forces is important. 

While a middle-size strand anchor with 8 strands and permanent casing can have a 

tensile capacity of approximately of 1.68 MN, RD140/10 with shallow grooves was 

observed to have a tensile capacity of at least 1.6 MN. The tensile capacities are quite 

the same size, but if the costs are compared, the drilled and grouted pipe pile will 

probably be more cost effective. This is due to the fact that the extra work for piles is 

the cutting of the grooves whereas for strand anchors, the bond length is longer and 

anchors must be pre-stressed. Of course this comparison is not the only truth, but it 

gives a right direction to the comparison.        

 

Although this study concentrates on increasing the bond strength between the grouting 

and steel and questions the results obtained due to absence of soil, the total tensile 

capacity should not be forgotten. An actual project always includes a soil layer and 

whether it decreases the bond strength or not, it always has a positive impact on the total 

bond capacity. To clarify this, if the pile length in the bedrock is, for example, 3 m, with 
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bond capacity of 1 MN and the soil layer is 10 m thick, with a bond capacity of 0.5 MN, 

the soil layer will definitely decrease the total bond strength, but increase the bond 

capacity actually needed. This is not normally taken into account when designing tensile 

piles, but it could be useful and so should be investigated. If the pile is grouted into the 

bedrock, the grouting will rise up from the drill hole and might surround the pile. The 

possibilities and advantages of this should also be investigated.    

 

If these piles are designed according to Eurocode, one problem to be considered is the 

effect of the grooves on bond capacity. Eurocode’s instructions ate to use a different 

friction factor for piles that have a smooth surface and for piles that have a threaded 

surface. For smooth piles, the friction factor is 0.7 and for threaded piles, the friction 

factor is 2.0. So, the problem is to decide whether the grooved pile is smooth, threaded 

or something between these two.  

 

Bond strengths for these pile types were calculated according to Eurocode and these 

characteristic values are shown in Table 18. The bond strength values were calculated 

both for smooth and threaded piles. Hence, the calculation for smooth piles was made 

for a bond length of 2.5 m and the calculation for threaded piles was made as a 

combination of a threaded and smooth pile. The combination included 1.5 m of smooth 

pile and 1 m of threaded pile. When this is compared with the actual results obtained 

from this study, it can be observed that the actual results are closer to the smooth 

surface steel than the threaded steel. At the maximum load, the average bond strength 

for RD140/10 piles was 1.35 MPa. Because the failure point of the RD140/10 pile was 

not reached, the value can be assumed as being the minimum value for the bond 

strength. A more reliable comparison can be made for RD220/10 piles, where failure of 

the bond strength was reached. The average bond strength was 1.85 MPa for piles that 

had shallow grooves and 1.23 MPa for piles that had deep grooves. Here again, it must 

be noted that the bond strength for the piles with deep grooves is a “low value” due to 

the fact that the real failure was reached out with only one of the three piles. The pile 

that exhibited failure had the highest bond strength of the three piles. Failure was not 

reached in the other two piles and the pile that failed was the shortest. The bond 

strengths from the pull-out test are given in the same table on the right side. The “note” 

box contains a reference to whether the bond strength is real or based on the maximum 

load.    

 
Table 18. Designed and measured bond strengths 

Pile 

number 

Designed bond strength between grouting 

and … (MPa) 

Measured average bond 

strength from the test 

(MPa) 

Smooth steel Threaded steel Rock Grooved Note: 

1, 2, 3 1.54 2.68 1.13 1.47 no failure 

4, 5, 6 1.54 2.68 1.13 1.20 no failure 

7, 8, 9 1.26 2.20 0.91 1.85 all failed 

10, 11, 12 1.40 2.44 0.99 1.23 one failed 

 

If tested bond strengths between the grouting and rock are compared with the results of 

the Eurocode calculation, the difference is also quite big. The pull-out test clearly 

showed that the bond strength between grouting and rock was over 1.20 MPa. Due to 
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these results and comparisons, the design of steel pipe piles under tensile forces should 

be based on test piles.     

6.2.3 Suggestions for further studies  

The same test should be done through a soil layer. The thickness of the soil layer should 

be at least 5 m and preferably over 7 m, which is the average depth of the bedrock 

surface in Finland. The same groove depths should be used to obtain comparable results 

to this study. The number of piles was sufficient. The construction site for the test 

should be large enough to allow the load transfer structure to be made on the soil layer. 

This would create a situation where the rock type or rock quality would not be seen 

(like in an actual construction situation), only investigated. The load transfer structure 

should be constructed far enough away from the test piles so the loads would not cause 

any additional normal force on the pile surface. Other option is to make a load transfer 

structure on top of the piles.  

 

From a test made through a soil layer, it would be beneficial to study the cleaning and 

the grouting of the rock hole and the bond capacity of the steel piles. The test 

configuration in this test was considered good. If the following test was made using the 

same methods, the results would be comparable. However, the steel grade should be 

changed to S550J2H. This change provides the possibility of increasing the applied 

load, which again increases the possibility of meeting the bond failure point.  

 

In the investigation of piles drilled through a soil layer, it would be important to 

investigate the cleaning of the pile. The cleaning of the drill hole should be relatively 

similar to the cleaning in this test. The situation is exactly the same, until the water rises 

above the bedrock surface. In this part, a few new concerns are encountered. The first is 

that cleaning the soil part may not be successful. On the other hand, this may not even 

be important, because the load will be transferred by the rock part. The risk is that the 

flushing water will flow to the surrounding soil and only a small part of it will rise up. 

This means that the hole will remain unclean. The second problem arises when flushing 

is ended. The water wants to leak back into the empty drill pipe. At the same time, it 

will take soil with it. Again, the result is that the hole is not clean. The third problem is 

the same as the previous one, but with grouting. The grouting mass will become mixed 

with soil and it will be hard to prove the quality of grouting.  

 

One possible risk is that the grooves will become clogged up. This cannot be really 

ensured or checked. If the grooves become clogged, this can jeopardize the whole 

grouting. If grouting is carried out as successfully as it ever can be with clogged 

grooves, the bond strength can still be smaller than with a smooth pile. This is why it is 

relevant to test the capacity to ensure that the grooves do not get clogged or that it is 

possible to clean the grooves. Another possibility is to make trial piles on the 

construction site, which also should be more than recommended.     

 

On an actual construction site, the maximum tensile capacity of piles is not really 

relevant. After the failure of bond capacity, the ring bit will cause re-attachment. In 

actual construction, the structure should reach to this point. Mechanical bonding only 

provides extra safety if the structure withstands large deformations. Due to the fact that 

the mechanical bonding of the ring bit is not useful, it should be tried to change it for 

something useful. If the mechanical bonding of the ring bit occurred before the bond 

failure between the steel and concrete, the tensile capacity of the steel pipe pile would 

be assumed to increase significantly. One possibility would be to use a ring bit designed 
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for grouting. This could enable grouting to reach more evenly the gap between the 

flushing holes and ring bit.  

 

The methods to investigate the quality of grouting and cleaning of the rock hole should 

be studied and tested. The knowledge about the spreading of grout is quite unknown and 

often questioned. Also different grouting cements and methods should be tested for this 

purpose. Many contractors making steel pipe piles use different methods for mixing and 

grouting. These differences can be either detrimental or effective to the structure.  

 

Corrosion protection is always an issue with steel piles. The importance will be 

highlighted with tension piles. The cracking of grouting exposes the structure to harmful 

substances. The ratio of the ring bit diameter and pipe pile diameter can offer sufficient 

space for the grouting to protect the steel from corrosion. The limitations of the grout 

should also be taken into account when designing this covering. Some grouts have a 

maximum thickness, which is based on the grain size of the grout. Thus, if the thickness 

of the grout is increased, the grout might need to be replaced with a stiffer mass. The 

stiffer grout will unfortunately affect spreading of the grouting.  

 

Corrosion investigations progressed and knowledge from other countries should be 

studied. More methods for investigation the corrosion properties of the soil should be 

explored. Also the possibility of using different corrosion protection methods in the 

same pile should be studied. Corrosion studies should also investigate possible 

corrosion in the bedrock. When the pile yield capacity is weakened by the grooves on 

the bond length which is under the bedrock, it could be useful to know the real need for 

corrosion protection at that depth.       

 

Strain distribution is relevant in the design of tension piles. If the bond length is 

increased, the bond strength is not improved. Bond capacity can be improved, but at the 

cost of increasing the risk of brittle failure. Also the amount of unnecessary work will 

increase by drilling holes that are way too long. On the other hand, strain distribution is 

relevant when designing grooved piles. On which length the grooves are located and on 

which length the stresses are distributed.  

 

Proper research methods should always be used to investigate rock quality. Rock 

modeling has developed compared to the design methods used nowadays. More modern 

methods should be taken into use when designing tension piles into the bedrock. The 

calculation for the development of the rock cone was found to be conservative and was 

noted to limit the design. While the development of the rock cone should be calculated 

more accurately, it should also be combined with other failure methods. For example, 

part of rock could loosen at the same time as the bond capacity fails. These combined 

failure mechanisms should be investigated. 

 

Based on this study, it is not reasonable to make conclusions about the most suitable 

groove. Groove size, shape and distance should be studied to make the pile more 

economical. When the groove shape is simple, the depth shallow and number is small, 

making grooved will be the cheapest. On the other hand, if grooves offer the best bond 

strength for a little extra work, it may be more economical. Also the difference between 

welded ribs and cut grooves should be investigated. Which method is the cheapest, 

which offers the best bonding and which least disturbs least the construction work. 
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7 Conclusions 
The grooved surface of the pile improved the bond strength between the pile and 

grouting. In an earlier study by Ahomies (21), the average bond strength was 0.30 MPa 

and in this test the average bond strength was 1.38 MPa. Hence, the average bond 

strength improved 460% by grooved surface. The conditions and the methods were not 

the same in tests, but these results still give a reliable direction for further 

investigations. The drilling of the piles was easier than on an actual construction site, 

where the drilling is done through a soil layer.  

 

If these results are compared with the traditional methods of transferring tensile forces, 

the drilled and grouted steel pipe pile can be competitive. The traditional methods are 

arduous and therefore expensive. A steel core pile, a rock socket and an anchor, which 

is drilled with casing, are made after the pile is drilled. Thus the methods require extra 

work when compared with drilled and grouted piles. Still, the tensile load capacity is the 

same size based on these results. Nevertheless attention needs to be paid to the fact that 

the soil layer was absent and its presence might have changed the results. From the 

literature review, it was clear that bond strength will decrease when drilling is done 

through a soil layer.  

 

The only real limiting factor of the use of the study was the absence of the soil layer and 

the cleaning of the drill hole can be considered as the greatest risk in the work. Drill 

cutting was observed to block the drill hole easily and if there was also a soil layer 

above, there might be a need for more effective cleaning methods. Still, there is no 

doubt that the work could not be done through a soil layer and the cleaning of the hole 

should be achievable with right equipment. The main problem would be that the 

grooves would become clogged during drilling. Cleaning the grooves would be 

challenging, but it might be even more difficult to verify the cleanliness of the grooves. 

The study did not found any effect of the groove depth on the results, but cleaning of 

the deep grooves may be easier.  

 

The best option is to do a trial pile and test the functionality of the grooves. The trial 

pile will also provide a reliable base for design by ensuring the actual tensile capacity of 

pile. On the other hand, one possibility is to test all construction piles. All pre-stressed 

anchors are tested, so this should not be an issue. Another thing to remember is that 

although the soil layer decreases the tensile strength on the bond length, it still increases 

the total tensile capacity. 

 

The stresses do not distribute evenly along the bond length. Most of the stresses impact 

at the beginning of the bond length. This observation was made based both on the 

loading test and on the literature review. In standard design, bond length is increased 

when more bond capacity is required. A more effective method is to use grooved steel 

or to increase the cross-section area. Also increasing the size of the drill hole can 

increase bond capacity because the drill hole can be cleaned more effectively. However, 

this will have the opposite effect if the hole is increased too much.  

 

The uneven stress distribution affects also pile design. In this study, the most limiting 

factor when using steel pipe piles for transferring tensile forces was the yield capacity of 

the steel. Due to the uneven stress distribution, this yield load could have been increased 

based on the results. The main stresses were along the smooth length of the steel pile 

and the strains decreased rapidly along the bond length. Thus, the stresses on the 

grooved part were only about 50% of the yield resistance of the steel.    
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The literature review revealed some weaknesses in pile design practices and concerns 

about the inaccuracies in design calculations. The currently used methods have not been 

developed in years, although the methods and knowledge have grown. These design 

methods should be questioned and compared with the actual conditions and properties 

of the construction site. Design should be based on proper site investigations and on test 

piles. When design is based on the test piles and actual capacity of the piles, it can be 

called target specific design. The design becomes more reliable and more profitable. 

With target specific design the designer can pay attention to the main risks in the 

construction and avoid overdimensioning.  

 

If the hole is cleaned using a tube-á-manchette, it should always be remembered that 

when the tube-á-manchette is loosened from the hole, it creates a pressure that wants to 

rise up from the pile. This generates suction between the steel pipe and the bedrock that 

can cause the hole to be blocked. This can be avoided by filling the pile with water 

before the manchette is loosened. This in turn makes the lifting of the manchette harder 

if the manchette is long. An easier option is to try to relocate the tube-á-manchette as 

quickly as possible. The grouting can be also started at the level where the pressure is 

even.  

  

The quality of the grouting is necessary for corrosion protection and bond capacity. The 

corrosion protection was discussed briefly in this study, but it has a great impact on the 

long-term durability of the piles. Corrosion protection should always be considered 

separately for each target by taking into account the environmental conditions at the 

construction area. If the risk of corrosion is small, the 10 mm cover thickness can be 

used for a pile that is filled with grouting or concrete. This means that the diameter of 

the ring bit needs to be at least 20 mm larger than the diameter of the pipe pile. To 

ensure grouting spreads evenly along the pile surface, it is important to clean the hole 

thoroughly and to use a flexible grouting that has a long workability time and which 

includes expanding additives.  

 

As regards corrosion protection, different possibilities need to be considered as well. It 

is not wise to use coated steel if the pipe is drilled through a tight soil layer. In the case 

of a piling project at the sea, the use of covered steel can be advantageous. The 

possibility of using different corrosion protections along the length of the pile should 

also be considered. When part of the pile is facing air or water, a coating can be useful 

and for parts that are below water, corrosion protection might not be needed at all or it 

can be maintained with grouting. Another recommended method is to use steel of a 

higher steel grade on the riskiest part of the pile. Hence the sacrificed steel thickness can 

be greater in the riskiest parts of the pile and sufficient capacity can still be retained.     

 

One observation of this study was that the bond strength was greater than the yield 

strength of steel in tested RD140/10 piles.  In practice, this means that tensile capacity 

can be increased by increasing the yield capacity of steel. Remarkable benefit of this is 

that the designs can be optimized because the bond strength is increased with different 

methods than the yield capacity of steel. Hence the yield capacity of steel can be 

increased by changing steel grade or increasing cross-section area of steel, which do not 

affect bond capacity. In addition, it must be taken into account that the actual bond 

capacity of RD140/10 remained undefined.  
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Overall this study was successful. The objective was to investigate the use of a grooved 

pile surface for bond strength and it was found to cause remarkable improvement to the 

bonding. Although the soil layer was absent and soil can lower the upcoming bond 

strength, the results give reason for further studies. The next step is to study the tensile 

capacity for piles that are drilled and grouted through a soil layer into the bedrock.    
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