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Abstract 

Researches show that the energy demand in the world is significantly increasing and 

climate change becomes a problematic issue, therefore, the interest in renewable energy 

is growing extremely fast. Offshore wind energy is one of the most effective renewable 

sources in Europe and other places in the world. One of the most important parts in the 

offshore foundation is the grouted connection as it is the first element to be designed in 

the design of the foundation structure of an offshore wind turbine because the vertical 

length of the grout connection determines the total size of the transition part. Over the 

past two decades, the grouted connection has been used for an increasing number of 

offshore wind turbine structures.  

The main aim of this thesis is to investigate the ultimate capacity of grouted 

connections under concentric and eccentric loading, with NC, HPC and UHPC grouts, 

different arrangements of shear keys and different connection geometry.  To achieve this 

aim, an experimental program and numerical modelling were carried out. The result of 

the experimental program in chapter 4 was used as fundamental for the benchmark of the 

numerical model in chapter 5. Several specimens were required to complete this research 

therefore, 14 specimens were tested over a period of 18 months. Based on the 

experimental program and the analysis of results, design of the grouted connection could 

be developed. The research has focused on grouted connection behaviour and 

investigating the most important parameters through experimental tests and finite 

element modelling. Moreover, as of yet, there has only been a handful of studies, which 

have looked at the shear keys arrangement. For these reasons, the thesis addressed 

variations in the arrangement of shear keys and their effect on the connection capacity. 

The main parameters, which affect the grouted connection behaviour according to 

the test results is summarized in chapter 6. The grouted connection behaviour as 

discussed in this chapter is highly dependent on grout material, type of loading and 

different arrangement of shear keys.  
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As an alternative to experimental testing, numerical modelling can be used. The 

numerical modelling was done using ATENA finite element program. After the 

validation of the numerical model, a stresses study was done. The stress checks were 

carried out in the highly stressed region near the shear keys and for the middle region of 

the compression struts, therefore, the stress checks was carried out for local principal 

stresses at shear keys, principal tensile stress and compression stresses.  

There are many standards used for grouted connection design. One of the goals of 

this research was to look at current standards used to design the grouted connection. 

Nevertheless, one core issue should be investigated: How can these standards 

accommodate new grout materials such as HPC and UHPC. The applicability of the 

current design codes, which is described in chapter 7 was studied.  Comparison was made 

with the predicted bond strengths derived from design codes (API, UKDE, NORSOK 

and DNV) and test results. The result of the comparison shows that some design codes 

formulae for grouted connections cannot be extrapolated to connection. 

Keywords: Grouted Connection, offshore wind structures, grout material using HPC 

and UHPC, steel fiber, arrangement of shear keys,  FE modelling, stresses in the grout, 

stresses in steel part, design codes for grouted connection. 
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Zusammenfassung 

Wie wissenschaftliche Untersuchungen zeigen, steigt der weltweite Energiebedarf 

weiterhin signifikant an. Gleichzeitig wird der Klimawandel zu einem immer größeren 

Problem, daher nimmt das Interesse an erneuerbaren Energien zur Deckung des 

steigenden Energiebedarfs deutlich zu. Die Offshore-Windenergie ist weltweit eine der 

effektivsten Möglichkeiten zur Nutzung erneuerbarer Energien. Im Zusammenhang 

damit liegt ein Hauptaugenmerk auf der Auslegung der Gründungskonstruktion dieser 

Bauwerke und hier speziell auf der Bemessung der „Grouted Connections“, also der 

Vermörtelung zwischen dem Monopile der Windturbine und der Wandung der Offshore-

Gründungskonstruktion. In den vergangenen zwei Jahrzehnten wurden diese „Grouted 

Connections“ bereits bei einer Vielzahl von Offshore-Windkraftwerken eingesetzt und 

ihre Bedeutung wird weiterhin zunehmen. Bei der Auslegung und der Bemessung ist 

hierbei die Länge der Mörtelfuge der limitierende Faktor für die übertragbaren Kräfte 

und Verformungen. 

Das Hauptziel dieser Arbeit ist die Bestimmung der maximalen Tragfähigkeit von 

„Grouted Connections“ unter zentrischer und exzentrischer Belastung und bei 

wechselnden Randbedingungen: 

 Untersuchung von Normalbeton, Hochfestem Beton (HPC) und 

Ultrahochleistungsbeton (UHPC) als Material für die Mörtelfuge 

 Verwendung unterschiedlich ausgelegter „Shearkeys“ für die Schubverzahnung 

 Auslegung der Mörtelfugen mit unterschiedlichen Geometrien 

Im Rahmen dieser Arbeit wurde ein umfangreiches experimentelles 

Versuchsprogramm entwickelt und durchgeführt. Darüber hinaus wurden die 

experimentellen Ergebnisse durch numerische Modellierung verifiziert. Das in einem 

Zeitraum von mehr als 18 Monaten durchgeführte Versuchsprogramm umfasste 

zahlreiche Kleinproben sowie 14 speziell für diesen Zweck entwickelte und hergestellte 

Probekörper. Die im Kapitel 4 dieser Arbeit diskutierten Versuchsergebnisse wurden, 

wie im Kapitel 5 dargelegt, als Eingangsgrößen für das numerische Modell eingesetzt. 

Basierend auf den Resultaten des experimentellen Versuchsprogramms und der Analyse 

der Ergebnisse wurde die Bemessung der „Grouted Connections“ entwickelt. Die 

Untersuchungen konzentrierten sich auf das Verhalten der Mörtelfugen unter Last und 

die Bestimmung der sechs wichtigsten Parameter für die FE-Modellierung. Bisher gab 

es nur wenige Studien, die sich in diesem Zusammenhang mit der Anordnung der 



 

xxii 
 

„Shearkeys“ beschäftigt haben. Aus diesem Grunde wird in dieser Arbeit ein 

Hauptaugenmerk auf die Anordnung der Shearkeys in der Mörtelfuge und deren Einfluss 

auf die Tragfähigkeit gelegt. 

Die wichtigsten, aufgrund der Versuchsergebnisse identifizierten Parameter, welche 

das Verhalten der „Grouted Connections“ maßgeblich bestimmen, werden in Kapitel 6 

ausführlich beschrieben. Als grundsätzliches Ergebnis ist festzuhalten, dass sowohl das 

Material der Mörtelfugen als auch die Lasteinleitung sowie die unterschiedliche 

Anordnung der „Shearkeys“ ganz maßgeblich für das Verhalten der „Grouted 

Connections“ sind. 

Alternativ zu experimentellen Untersuchungen kann auch die numerische 

Modellierung eingesetzt werden. Im Rahmen dieser Arbeit wurde zu diesem Zweck das 

Finite Element Programm ATENA-GID verwendet. Nach der Validierung des 

numerischen Modells wurde eine Studie zur Analyse der auftretenden Spannungen 

durchgeführt. Dabei wurde sowohl der hochbelastete Bereich nahe der „Shearkeys“ als 

auch der mittlere Bereich der Druckstreben untersucht. Besondere Beachtung galt dabei 

den Hauptspannungen nahe den „Shearkeys“, den Hauptzugspannungen und den 

Druckspannungen unter Beachtung der Last-Verformungskurven und Hauptspannungen 

zu unterschiedlichen Zeitschritten. 

Für die Auslegung von Mörtelfugen gibt es unterschiedliche normative Regelungen. 

Ein Gesichtspunkt dieser Arbeit war daher die Recherche nach derzeit verwendeten 

Regelungen und ihre Anwendung in der Praxis. Dies geschah vor dem Hintergrund der 

Fragestellung, ob diese Regelungen für den Einsatz von neuen Mörtelmaterialien wie 

HPC und UHPC geeignet sind. Im Kapitel 7 dieser Arbeit wurde untersucht, ob und wie 

die derzeit angewendeten normativen Regelungen auch den Einsatz dieser neuen 

Mörtelmaterialien abdecken. Zu diesem Zweck wurden Verbundfestigkeiten mit 

Auslegungsnormen aus den Bereichen API, UKDE, NORSOK und DNV berechnet und 

ein Abgleich mit den Ergebnissen der experimentellen Untersuchungen sowie der 

numerischen Modellierung dieser Arbeit durchgeführt. Die Resultate dieses Vergleichs 

zeigen, dass einige dieser Normen nicht zur Berechnung von „Grouted Connections“ mit 

HPC und/oder UHPC geeignet sind. 

Schlüsselbegriffe: 

Grouted Connections (Mörtelfugen), Offshore-Windkraftanlagen, Mörtel, 

Stahlfasern, Anordnung von Shearkeys, FE-Modellierung, Groutspannungen, 

Stahlspannungen, Auslegungsnormen für Mörtelverbindungen
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Chapter 1 : INTRODUCTION 

1.1. Background 

As is the case with most engineering structures, the history of the grouted connection 

is marked with great successes and great failures. Failures can significantly lead to more 

advances as a reinvestigation of the behaviour of grouted connections which was 

previously ignored or misunderstood receive great attention. Since the grouted 

connection is a new technique in offshore structures generally and in offshore wind 

structures particularly, there are still many theoretical and practical questions that need 

to be answered regarding relevant design parameters for the grouted connection. The core 

research objective is, therefore, to contribute towards reducing the gap between research 

and industry by investigating the behaviour of grouted connection under different 

parameters through the analysis of previous test results, an own experimental study, and 

finite element modelling. In the present, the grouted connection is used extensively 

throughout the offshore wind turbine structures as well as it is used in the offshore oil 

industry. Significant advancements in the understanding of grouted connections in 

offshore wind energy have occurred over the past 25 years. The grouted connection is 

also known as grouted pile-to-sleeve connection since it consists mainly of pile, sleeve 

and grout, which is mainly required to transmit loads arising from the dead weight and 

wind force. In the offshore oil structures, the grouted connection might be between the 

jacket leg and the pile, between the jacket sleeve bracketed off the leg and skirt pile or 

jacket sleeve attached to the leg and the cluster pile. While in offshore wind structure, 

the grouted connection can be between the sleeve and pile in the monopile structure This 

introductory chapter begins to explore the issues associated with the research objective 

such as, wind energy status nowadays in the world, types of offshore foundations, 

offshore structures for the production of petroleum products and offshore structures for 

an offshore wind turbine. The scope, objectives and methodology are then presented at 

the end of this chapter.  
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1.2. Wind Energy Market 

Wind energy has always been, and will continue to be, one of the most important 

facets of the field of renewable energy. There is a struggle between the increasing 

traditional energy consumption and the environmental impendence because of the rapid 

economic development all over the world, therefore, renewable energy can be the best 

solution to this struggle. Renewable energy is not the only source of clean energy but 

potentially it can also be cheap once researches improve. Since cost and workability are 

the two major obstacles for the wind energy industry, the future of wind energy depends 

on some breakthrough on these two fronts. In the last decade, wind energy has remarkable 

cost improvements, which means that the prices will decline rapidly furthermore wind 

energy is already cheaper than traditional energy in some areas. The current situation of 

the wind energy market is presented herein. 

1.2.1. In Europe 

There is a dramatic shift in the wind turbine technology in both offshore and onshore 

European market. The total wind power capacity in Europe was about 159.5 GW in June 

2017. This amount divided into 145.5 GW onshore and only 14.0 GW offshore. By 2020, 

wind energy most probably meets 16.5% of Europe’s electricity needs and will reach 

between 195 GW (Low Scenario) and 217 GW (High Scenario). Thus, wind energy will 

be the largest source of renewable electricity in Europe with more than half of new 

renewable installations as shown in figure 1.1. The new additions in 2020 under the 

central scenario will be more than 50 GW. This amount will make Europe little less than 

a quarter of global installations as illustrated in Figure 1.2. According to WindEurope’s 

Central Scenario, from 75 to 95 €bn will be needed for the European objectives in 2020. 

In Eastern Europe, many countries have already achieved their targets regarding to the 

European objectives for 2020. On the other hand, some countries in Western Europe like 

France, Ireland, the Netherlands and Luxembourg are likely to miss their targets and 

other countries like Sweden and Denmark are well on track to reaching their 2020 target. 

Figure 1.3 shows the targets situation in Europe. It is expected that market concentration 

in Europe especially in Germany, the UK, France, Spain and Netherlands will remain 

high until 2020.  In the terms of installed capacity, Germany will represent a third of the 

whole installed capacity with 16.5 GW and the UK will be in the second place while  
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France will be third with 6.5 GW. According to WindEurope’s Central Scenario, it 

is expected that Germany will meet over 30% of its demand from wind energy while 

Denmark will meet over 50% by 2020. About 50 GW can be installed as additional 

capacity in the 4 years of 2017-2020. 

 

 

Figure 1.1: Net growth in renewable capacity in 2017-2020. (according to WindEurope’s 

Central Scenario) 

 

 

Figure 1.2: Global wind Installation in 2017-2020. (according to WindEurope’s Central 

Scenario) 

 



 
Chapter 1: Introduction 

 

4 
 

 

 

Figure 1.3: The target situation in Europe. (according to WindEurope’s Central Scenario) 

1.2.2. In the USA 

In 2016, the total wind power capacity in the USA was 82,143 MW. A new capacity 

of 8,203 MW was added in the USA with 11% increasing and with $13.0 billion 

investment. In this year, the USA also ranked second in annual wind addition as shown 

in Table 1.1. Wind power ranked in third place after solar and natural gas as the largest 

sources of electric-generating capacity in the USA, which was added in 2016. According 

to many forecasts for the domestic market, the capacity additions averaging can be more 

than 9,000 MW/year until 2020. Figure 1.4 shows wind power capacity additions for 

historical installations and projected growth. 
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Table 1.1: International Rankings of Wind Power Capacity. 

 

 

Figure 1.4: Wind power capacity additions In USA. 
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1.2.3. In China 

In fact, China is in a bad need to use renewable energy because of environmental 

threats since China has huge traditional energy consumption. China has large land as well 

as a long coastline therefore; it has a great wind energy potential. In 2015, the total wind 

power generation was 1,863,000 GW and the total cumulative installed capacity had 

reached 128.53 GW. Figure 1.5 shows the installed capacity in China from 2006 to 2015. 

According to some scenarios, the installed capacity in 2025 will reach 38,311.1810 x 103 

GW. Table 1.2 shows the prediction of China’s installed capacity with GM(1,1) model. 

 

Figure 1.5: The installed capacity in China from 2006 to 2015. Note: The data is from the 

China Electric Power Yearbook. 

Table 1.2: The prediction of China’s installed capacity with GM (1,1) model. 

 



 
Chapter 1: Introduction 

 

7 
 

1.2.4. In Africa 

Although Africa and the Middle East have very good wind energy potential, they did 

not take advantage of this potential in a huge way like Europe that is because of the 

abundance of petroleum in the Middle East and some countries in Africa.  African 

Development Bank conducted a study to create an African atlas for wind energy for all 

continent. This study proved that Africa has significant potential in wind energy. Figure 

1.6 shows the wind speeds in Africa at an altitude of 50 m. In the period from 1995 to 

2010, Africa’s installed wind energy capacity raised twelvefold as shown in figure 1.7. 

According to (Ali 2013) Egypt, Morocco and Tunisia represent a high concentration of 

installed wind capacity with 73% of completed projects in Africa. Egypt is the leader in 

this market with contributing 33% of total completed projects and 50% of total installed 

capacity in all Africa. Figure 1.8 shows the installed capacity by country and stage of 

development. 

 

 

Figure 1.6 : The Wind Speeds in Africa at an Altitude of 50. (Ali 2013) 
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Figure 1.7: Installed Wind Capacity in Africa. (Ali 2013) 

 

 

Figure1.8: The installed Capacity by Country and Stage of Development. (Ali 2013) 
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1.3. Offshore Foundations 

At first, the grouted connections were developed to be used in offshore structures for 

the exploitation and production of petroleum products then this technology was 

transferred in the 1990s to offshore wind turbine structures. Choosing the type of 

foundation should receive special attention because the foundation of the offshore 

structures represents approximately 35% of the total cost of an offshore wind project 

according to Esteban 2019.  Choosing the type of foundation depends on some 

parameters for instance, the soil conditions, water depth, the load of on the structure, 

lifetime of the structure and some installation demands. There are differences between 

the foundation for the production of petroleum products and the foundation of wind 

turbine structures. These two types are presented herein. 

1.3.1.  Offshore structures for production of petroleum 

products 

Since the discovery of offshore oil in the late nineteenth century, the offshore 

structures were highly controversial because of the great danger as it is established in 

water. Offshore structures for production of petroleum products have three main types: 

subsea templates, concrete gravity platforms and steel jacket structures.  

 

1.3.1.1. Subsea templates 

The subsea template is constructed either with jackets or with tension leg platforms. 

In such structures, the floating deck structures are tethered to the template by tendons or 

rods. In case the water depth was considered too deep, tension leg platforms were used. 

A number of sleeves at each corner were used with the templates and were connected 

together by grouted connection in the same way like jackets. Figure 1.9 shows a tension 

leg platform with piling through sleeve on a subsea template. 
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Figure 1.9: A tension leg platform with piling through sleeve on a subsea template. 

(Domone 1994) 

1.3.1.2. Concrete gravity platforms 

The concrete gravity platforms depend on their self-weight to remain stable on the 

seabed. As shown in figure 1.10, the base in concrete gravity platforms section consists 

of a number of caissons. These caissons provide the gravity base and chambers for ballast 

or oil storage. The chambers extend into hollow legs to support the facilities of the 

topside. Slipforming is used to construct the legs and the caissons. The main advantage 

of the concrete gravity platform is the durability of the material in seawater and quick 

installation. 
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Figure 1.10: A typical concrete gravity platform. (Domone 1994) 

1.3.1.3. Steel jacket structures 

A steel jacket structure does not depend on gravity alone but it uses tubular steel 

piles driven through the legs or through skirt sleeves as additional support to remain on 

the sea bed then the annuli between piles and leg/sleeves is filled with a cement grout to 

create the grouted connection. Figure 1.11 shows a typical steel jacket platform. 
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Figure 1.11: A typical steel jacket platform. (Domone 1994) 

1.3.2. Offshore structures for offshore wind turbine 

Recently, the demand for offshore wind energy led to the development of offshore 

wind turbine structures. The grouted connection types and its loads depend on the 

offshore wind turbine foundation types for example, the Monopile and gravity-based 

foundation mainly loaded by bending moment while jacket and tripod mainly loaded by 

axial forces and bending moment. Moreover, floating supports also can be used for high 

water depths as an alternative to the previously mentioned foundations. 
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1.3.2.1. Monopile structures 

The grouted connection in monopile foundation may be made without or with shear 

keys and it consists of pile-to-sleeve connection. It connects the pile with the extension 

of the tower (transition piece). To paint the structure and to arrive easily to the accessories 

as boat landings, the extension of the tower is located near MWL outside the foundation 

pile. If the grouted connection in monopile foundation transfers axial force, it can be a 

cylindrical (tubular) grouted connection with shear keys or conical without the need for 

shear keys.  

 

1.3.2.2. Jacket structures 

In this type of foundation, the grouted connections are usually being designed with 

shear keys and the grouted connection can be between the jacket sleeves and post-

installed piles or between the jacket legs and preinstalled piles.  

 

1.3.2.3. Gravity based foundation 

This type of foundation is not widely used until now. Nevertheless, there are studies 

highlighting its advantages over other types of foundations because it is suitable in cases 

of soils with high bearing capacity (Dolores Esteban  2019).  The cost of the foundation 

plays a great roll in favor of this type of foundation.  

1.4. Grouted connection 

The grouted connection technique was transferred from the oil industry to the 

offshore wind turbines structures in 1990s.  Before 1980, the majority of offshore 

structures, which were used for the production of hydrocarbons were of the traditional 

welded steel tubular type with piled foundations but there were a lot of design problems 

such as deeper water environment, the static and environmental loadings like the 

installation and transportation of large steel parts and massive welding and post-weld 

heat treatment. Therefore, grouted connections as a composite section were used instead 

of traditional welded steel tubular type. The principle of using a gap filled with grout or 

mortar to transfer the load from element to another comes from precast concrete to 
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offshore structures. According to Espinosa| 2012, the first element to be designed in the 

design of the foundation structure of an offshore monopile wind turbine is the necessary 

size of the grout connection because the vertical length of the grout connection 

determines the total size of the transition part. 

The plain grouted connection is a special case of the grouted connection with shear 

keys when the spacing between shear keys is infinite or the shear keys are placed 

continuously along the length of the grout. This means that the grouted connection will 

depend only on the Coulomb friction between the steel part and the grout. However, the 

plain grouted connection has insufficient axial capacity especially for large-diameter 

monopile foundations because slippage between the transition piece and monopile can 

easily occur. Cylindrical shaped grouted connections with shear keys have a positive 

track record stretching since it has started to spread in the gas and oil industry in the 

1970s. Grouted connections are mainly used for foundation pile-to-sleeve connection in 

addition to other types of connections as connecting pins and repairs. The main reason 

for using such connections in offshore wind energy structures is that it can offer a cost-

effective way to provide an efficient structural connection. Figure 1.12 shows grouted 

connection locations in various types of foundations. 

 

Figure 1.12:  Grouted connection location in Various types of foundations. (GL 2013) 

A grouted connection is a critical element of offshore wind turbine structures and it 

varies in length and size according to the structure of the wind turbine foundation and its 

location. Figure 1.13 shows the typical shape of a grouted connection. The grouted 

connection can be modelled by a simple beam to make load analysis and the numerical 
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FE-models can be used for investigating the maximum bearing capacity of the 

connection. There is a difference between the grouted connection, which is mainly 

exposed to concentric loading and grouted connections that are mainly exposed to 

eccentric loading. The main difference between them is the load transfer mechanisms as 

it will be discussed later. 

 

Figure 1.13: The Grouted Connection shape. 

1.5. Scope and Objectives 

Over the past two decades, the grouted connection has been used for an increasing 

number of offshore wind turbine structures. There is no doubt that the interest in 

understanding the behaviour of grouted connections was revived as a consequence of 

using this connection in offshore wind turbine foundation. This thesis aims at 

contributing to the reduction of the significant gap between the state-of-the-art of grouted 

connection design and the increasing capacity of the wind turbine. In order to achieve 

this aim, the effects of some design parameters on the grouted connection were 

experimentally studied and the following objectives can be summarized: 
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1- To contribute towards reducing the gap between research and industry by 

investigating the behaviour of grouted connection under different parameters with 

the help of   previous test results analysis 

2- To study the behaviour of grouted connections under pure axial compression load 

(concentric loading). 

3- To study the behaviour of grouted connections under eccentric loading. 

4- To investigate the beneficial effects of using different grout materials and 

increasing the shear keys numbers. 

5- To investigate the effect of steel fiber content and grout material thickness on 

strength and ductility of grouted connection. 

6- To investigate the ability of arrangement of shear keys to increase the capacity of 

the grouted connection. 

7- To model the grouted connection numerically using ATENA GID program and 

compare with test results. 

8- To establish a parametric study depends on the numerical model. 

9- To study the stresses in the steel part as well as in the grout material.  

10- To evaluate the suitability of the standards for design of grouted connections. 

1.6. Methodology 

Due to an advanced understanding of grouted connections and utilization of HPC 

and UHPC, solutions for many problems now exist. The main aim of this work as it was 

mentioned is to understand the behaviour of the grouted connection under different 

parameters. To fulfill this aim and the mentioned objective, the following methodologies 

were applied:  

1- Studying and analysing the most important parameters which affect the grouted 

connection based on the literature review wherein a comparison of previous test 

results according to different period times is performed. 

2- Conducting an experimental test program on 14 grouted connection specimens 

having different parameters with regard to the geometry and grout materials. 

3- Conducting a reference experimental test program on fresh and hardened grout 

material to ensure the quality of the grout and to make a comparison with previous 

tests. 
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4- Investigate on the effect of steel fiber content and the grout thickness on capacity 

and ductility of the grouted connection based on the experimental test results. 

5- Establishing and developing a suitable numerical model using ATENA-GID 

program to simulate the grouted connection behaviour for various grout types and 

validating it by comparing with the experimental test results. Afterwards, a 

parametric study for the grouted connection using the established numerical 

model will be conducted. 

6- Evaluating the suitability of the existing grouted connection standards through 

comparison with the results of experimental program. 

7- Studying and analyzing the steel part behavior for long and short connections 

based on the test as well as the numerical investigations. 

1.7. Outline of the Thesis 

This thesis reports the consequences of the study on the behaviour of grouted 

connections for offshore wind turbine structures with brittle cement-based grouts. In 

order to achieve the specific objectives, a thesis was organized in eight chapters as 

following. 

1- This thesis begins by covering the general area related to the grouted connection 

before moving on to showing the original new work in the subsequent chapters. 

Moreover, this chapter contains a small introduction about the wind energy 

market and offshore structures for the production of petroleum products and 

offshore structures for wind turbines. In addition, it introduces the statement of 

studying problem, scope and objectives, discusses the research methodology and 

proposes the study objectives and outline of the thesis. 

2- This chapter contains a comprehensive literature review of the grouted 

connection and the grout materials. Literature reviews according to  different 

periods and some current challenges for the grouted connection are being 

presented. 

3- In this chapter the own experimental program conducted on 14 grouted 

connection specimens with different geometry, grout materials, the arrangement 

of shear keys and load condition is presented. In addition, the production and 

treatment of the grouted connection specimens, the test setup and the 
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instrumentation used are reported in details in this chapter. Moreover, a reference 

experimental test program on fresh and hardened grout material parameters to 

ensure the quality of the grout and to make a comparison with previous tests is 

presented. 

4- This chapter presents the test results in details including the test observations. The 

object of the experimental study described in this chapter is to determine the 

maximum capacity of the connection with different parameters and to analyze the 

results of the investigations. 

5- In this chapter, modelling of grouted connections of the experimental tests and 

for full-scale tests using the programs ATENA and GiD is presented. The 

numerical model included all elements of the grouted connection, i.e.:  pile, 

sleeve, grout and grout- steel part interface contact.  After the comparison 

between the test an d ATENA GID result, the ATENA results were used for 

inverse analysis to find appropriate parameters, which may affect the capacity of 

the grouted connection. 

6- In this Chapter, most important parameters were analyzed and discussed in 

details. Fourteen tests were designed to examine the effect of ten parameters. 

Furthermore, the failure mode of the test specimens was studied.  The grouted 

connection analysis was done by experimental tests result and a nonlinear finite 

element analysis using the software ATENA GID. 

7- This chapter looks at current standards used to design grouted connection and it 

provides a brief discussion on their applicability to represent the most important 

parameters that affect the capacity of the connection. This discussion provides 

some justification for a reassessment of the limits for these standards. The 

applicability of the current design codes API, UKDE, NORSOK and DNV were 

evaluated by the comparison of bond stress between tests and prediction of the 

standards. 

8- Finally, this chapter concludes the thesis by recounting the achievements, 

limitations of the study and recommendation for future work 
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CHAPTER 2:  

LITERATURE REVIEW 

2.1. Overview 

Previous work identified some improvements in the capacity of the grouted 

connection, which can be obtained by using shear keys and provided the principal 

geometric and material properties that can improve the grouted connection capacity. In 

this chapter, conclusions are drawn from the literature review discussion regarding the 

grouted connection and its important parameters.   This leads to the establishment and 

justification of the design of the connections tackled in the experimental tests used in this 

research. This chapter presents a review of academic literature for grouted connection, 

grout materials and the history of the connection. The history of grouted connection tests 

and investigation were divided into different periods from 1970 until now and presented 

herein. Moreover, this chapter contains the derivation and analysis of some parameters 

that are used in different standards for the grouted connection. Additional references and 

literature are provided in table 2.1 and in section “References" at the end of the thesis. 

2.2. Literature review according to different periods  

Early offshore structures used grouted connections without shear keys but this type of 

connection was sensitive to grout shrinkage, the pile surface condition and eccentricity, 

therefore, long and inefficient connections were used. By using the grouted connections with 

shear keys, efficient sleeve lengths were obtained and most of the grouted connection without 

shear keys disadvantages were attenuated. There is no doubt, that An examination of the 

grouted connection first requires a look back at the history of the grouted connection design 

to see how the standards developed. A fundamental historical perspective helps to increase 

the users understanding of the grouted connection behaviour.  At first, grouted connections 

had been used for the foundation of oil and gas platform with main, skirt and cluster piles 

and then it started to be used in offshore wind energy. For the sake of clarity, the history of 

grouted connection tests and investigation was divided into different periods from 1970 until 

now. Dallyn et al. 2015 did a critical review for experimental testing of grouted connections 

for offshore substructures. In this review, a summary of the key testing information for 
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literature review from 1978 until 2013 is given in a form of a table including connection type, 

loading conditions and limits of validity as comparatives factors were presented. This table 

is updated and briefed to include only the limits of validity for grouted connection with shear 

keys under static loading which is the main issue in the experimental program in chapter 

three, as shown in table 2.1. 

Table 2.1: Experimental tests on the grouted connection from the 1970s until now. 

Year 

10    

Author 

9 

Title 

. 

Limits of Validity 

ep(D/t) s(D/t) L/D g(D/t) 𝒇𝒄𝒖 (𝑴𝑷𝒂) 

1978 Billington 

and Lewis 

The Strength of Large 

Diameter Grouted Connections 

9.6<x<4

5 

18<x<

120 

1<x<12 7.6<x

<26 

2<x<110 

1980 Billington Research into Composite 

Tubular Construction for 

Offshore Jacket Structures 

<40 <80 >2 7<x<4

5 

17<x<110 

1980 Billington 

and Tebbet 

The Basis for new Design 

Formulae for Grouted Jacket to 

Pile Connections 

<40 <80 >2 7<x<4

5 

17<x<110 

1984 Karsan and 

Krahl 

New API Equation for Grouted 

Pile to Structure Connections 

 

24<x<4

0 

50<x<

140 

1<x<12 10<x<

45 

2<x<110 

1985 Krahl and 

Karsan 

Axial Strength of grouted Pile-

to-Sleeve Connections 

24<x<4

0 

50<x<

140 

1<x<12 10<x<

45 

2<x<110 

1985 Tebbett and 

Billington 

Recent Developments in the 

Design of Grouted Connections 

 

24<x<4

0 

50<x<

140 

<2 10<x<

45 

2<x<110 

1987 Tebbett Recent Developments in the 

Design of Grouted Connections 

24<x<4

0 

50<x<

140 

<3 10<x<

45 

2<x<110 

1987 Lamport, 

Jirsa and 

Yura 

Grouted Pile-to-Sleeve 

Connection Tests 

28.8 42 1<x<2 20 27<x<73 

1988 Forsyth and 

Tebbett 

New Test data on the Strength 

of Grouted Connections With 

Closely Spaced Weld Beads 

34.1 88.5 0.9 15.7 9<x<61 

1989 Smith and 

Tebbett 

New Data on Grouted 

Connections with Large Grout 

Dimensions 

18.66 36 2 6.5 12<x<45 
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Year 

 

Author 

 

Title 

. 

Limits of Validity 

(D/t)p s(D/t) L/D g(D/t) 𝒇𝒄𝒖 (𝑴𝑷𝒂) 

1989 Sele and 

Kjeøy 

Background for the New 

Design Equations for grouted 

Connections in the DNV Draft 

Rules for Fixed Offshore 

Structure 

10<x<6

0 

18<x<

<140 

1<x<12 - 4<x<90 

1990 Aritenang, 

Elnashai, 

Dowling and 

Caroll 

Failure Mechanisms of Weld-

Beaded Grouted Pile/Sleeve 

Connections 

8<x<15 72 1.1 14 50<x<64 

1991 Elnashai and 

Aritenang 

Nonlinear Modelling of Weld-

beaded Composite Tubular 

Connections 

8<x<15 72 1.1 14 50<x<64 

1991 Lamport, 

Jirsa and 

Yura 

Strength and Behaviour of 

Grouted Pile-to-Sleeve 

Connections 

28.8 42 1<x<2 20 27<x<73 

1992 Aritenang, 

Elnashai and 

Dowling 

Analysis-based Design 

Equations for Composite 

Tubular Connections 

8<x<15 72 1.1 14 50<x<64 

1993 Sele and 

Skjolde 

Design Provisions for Offshore 

Grouted Construction 

<40 <80 <2 7<x<4

5 

17<x<110 

1996 Harwood, 

Billington, 

Buitrago, 

Sele and 

Sharp 

Grouted Pile to Sleeves 

Connections: Design 

Provisions for the New ISO 

Standard for Offshore 

Structures 

20<x<4

0 

30x<1

40 

1<x<10 10<x<

50 

10<x<80 

1991 Grundy and 

Kiu 

Prestress Enhancement of 

Grouted Pile/Sleeve 

Connections 

30<x<3

7 

43<x<

100 

1<x<4 13<x<

27 

-- 

1990 Ingebrigsen, 

Løset and 

Neilsen 

Fatigue Design and Overall 

Safety of Grouted Pile Sleeve 

Connections 

24.5<x<

28.8 

29.5<x

<65.5 

2 28.2<x

<33.8 

27<x<49 

2006 Lohaus and 

Anders 

High-cycle Fatigue of Ultra-

high Performance Concrete – 

Fatigue Strength and Damage 

Development 

5.5 14.3 1.5 5.2 135<x<22

5 
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Year 

 

Author 

 

Title 

. 

Limits of Validity 

(D/t)p s(D/t) L/D g(D/t) 𝒇𝒄𝒖 (𝑴𝑷𝒂) 

2006 Schaumann 

and Wilke 

Fatigue of Grouted Joint 

Connections 

 

5.5,100 14.3,1

07.0 

1.3,1.5 4.6,42.0 133 

2007 Schaumann 

and Wilke 

Design of Large Diameter 

Hybrid Connections Grouted 

with High-Performance 

concrete 

 

100.0 107.0 1.3 42.0 130 

2008 Anders and 

Lohaus 

Optimized High Performance 

Concrete in Grouted 

Connections 

 

5.5 14.3 1.5 5.2 60<x<170 

2008 Schaumann, 

Wilke and 

Lochte-

Holtgreven 

Grout-Verbindungen von 

Monopile-Gründungsstrukturen 

- Trag- und 

Ermüdungsverhalten 

100.0 107.0 1.3 42.0 130 

2008 Klose, Faber, 

Schaumann 

and Lochte-

Holtgreven 

Grouted Connections for 

Offshore Wind Turbines 

100.0 107.0 1.3 42.0 130 

2010 Schaumann, 

Bechtel and 

Lochte-

Holtgreven 

Fatigue Design for Prevailing 

Axially Loaded Grouted 

Connections of Offshore Wind 

Turbine Support Structures in 

Deeper Waters 

4.8 14.3 1.5 5.2 70<x<115 

2010 Schaumann, 

Lochte-

Holtgreven, 

Lohaus and 

Lindschulte 

Durchrutschende Grout-

Verbindungen in OWEA – 

Tragverhalten, Instandsetzung 

und Optimierung 

5.5 14.3 1.5 5.2 60<x<170 

2013 Lotsberg, 

Serednicki, 

Oerlemans, 

Bertnes and 

Lervik 

Capacity of Cylindrical Shaped 

Grouted Connections with 

Shear Keys in Offshore 

Structures 

-- -- -- -- -- 
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Year 

 

Author 

 

Title 

. 

Limits of Validity 

(D/t)p s(D/t) L/D g(D/t) 
𝒇𝒄𝒖  

(𝑴𝑷𝒂) 

2013 Lotsberg Structural Mechanics for 

Design of Grouted Connections 

in Monopile Wind Turbine 

Structures 

-- -- -- -- -- 

2013 Fehling el at. Grouted Connections for 

Offshore Wind Turbine 

Structures part 2 

-- -- -- -- -- 

2014 Ki-Du Kim 

Plodpradit 

Bum-Joon 

Kim 

Interface Behavior of Grouted 

Connection on Monopile 

Wind Turbine Offshore 

Structure 

55.6 62.2 1.4 25.8 100 

2017 Jeong-Hwa 

Lee el at. 

Interfacial shear behavior of a 

high-strength pile to sleeve 

grouted connection 

42 50 1<x<2 14 120 

2018 Tao Chen el 

at. 

Experimental study on ultimate 

bending performance of 

grouted connections in offshore 

wind turbine support structures 

12.7 18 1.7<x<2 -- 87.6 

 

2.2.1. From 1970 to 1979 

The main aim of this period is optimising the design of platform foundations with 

extensive work and reducing material quantities of such connections. Many researches 

have investigated on the behaviour of grouted connection since this technology has 

started to spread in the gas and oil industry.  The results of early research (Billington C 

and Tebbett I., Krahl et al, Lewis et al., C. J. Billington and H.G. Lewis) for this 

technology were helpful for specifying the parameters which may play a role in the 

grouted connection capacity. The average pile size in this period was 122 cm.  (C. J. 

Billington and H.G. Lewis) performed 400 experimental tests on grouted connection 

with/without shear keys with full scale and small scale. For the grouted connection 

without shear keys, it was found that decreasing the radial stiffness, which accompanies 
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increases in pile diameter, could lead to unacceptable reductions in the capacity of the 

connection. By using shear keys, bond strength was improved clearly by an amount that 

is dependent on grout crushing strength and geometry of the connection and its shear 

keys.  In general, the result indicated that the ultimate bond strength is dependent on the 

radial stiffness of the connection and it is highly sensitive to the connection geometry. 

Figure 1 shows a typical test arrangement done by (C. J. Billington and H.G. Lewis). 

Until Billington did his project in 1978, API recommendation was the only design code 

that gives guidance on the design of grouted connections. 

 

Figure 2.1: Typical test arrangement for bond tests. (C. J. Billington and H.G. 

Lewis) 

According to API, the allowable axial load transfer can be taken equal to the contact 

area between the grout and steel surfaces multiplied by allowable axial load transfer 

stress fba. API gives some recommendation for shear keys designed according to some 

equations and limitations for the connection component. API limited the ratios within the 

range covered by the tests done by (Krahl, Karasan, 1985).  



 
Chapter 2: Literature Review 

 

25 
 

2.2.2. From 1980 to 1989 

In general, during the late 1980s, extensive testing of grouted connections with shear 

keys was undertaken. In this period, the majority of these tests have been done for 

research related to the behaviour of connections with concentric load which was used in 

the oil and gas industry for jacket structures. Furthermore, the grouted connection started 

to be more developed. The program test was carried out by (Billington, I.Tebbett 1980). 

This study is an extension of previous studies that had been done by Billington and Lewis. 

This program had 60 static ultimate load tests and it was performed to investigate the 

relationship between bond strength and many geometric and material property 

parameters. Remarkable in this program was that many parameters were studded. These 

parameters include, but are not limited to: the geometry of shear keys, the radial 

stiffnesses of the pile, the grout compressive strength, modulus and shrinkage properties, 

the surface condition and the length to diameter ratio. As an output of this study, an 

empirical relationship between these parameters and bond strength was formulated.  

(Krahl, Karasan, 1985) conducted research to propose an equation for the calculation 

of axial load transfer in grouted connections with/without shear keys therefore 155 (71 

without shear key + 84 with shear keys) specimens for grouted connection were 

performed.  This experimental program was conducted in parallel in the same period with 

the work of Billington. The main goal of this research was to provide a rational basis for 

the grouted connection design with shear keys, which was the basis for the new API code 

for the recommended practice of grouted connection.  The result of this program test was 

compared with the previous studies therefore; it had a high statistical significance.  

Mainly, the failure of the connection almost occurred in this test program due to the 

crushing failure in the grout at the shear keys. The factor of safety at this time was a 

major controversy for the Billington study as well as for the Krahl study. 

Forsyth and Tebbett undertook an experimental program to investigate the effect of 

closely spaced weld beads on the axial static strength. The result of this experimental 

program indicates that the relationship between bond strength and the shear keys 

geometry (height to spacing ratio) has a linear shape until h/s equal about 0.075. 

Furthermore, in this period, Billington studied the composite tubular construction 

for offshore jacket structures (Billington 1980) .  
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According to Billington study, there were five advantages to use composite tubular 

construction instead of traditional welded steel tubular:  

 

1- Punching shear and bending capacities of nodal joints would be greatly enhanced. 

2- Stress concentration factors at nodal joints would be considerably reduced 

offering much improved fatigue life. 

3- Axial load capacity of composite members (e.g. legs or braces) would be much 

greater than that of the steel section alone (the compression strength of concrete filled 

tubular columns can be greater than the sum of the individual squash strengths of the 

concrete and steel components). 

4- Resistance to external hydrostatic pressure would be greatly enhanced and the 

need for internal or external stiffening would be considerably reduced. 

5- In the event of a ship collision or other effects (e.g. earthquake) the energy 

absorption characteristics of a composite structure, and hence its resistance to collapse, 

would be enormously increased over a traditional steel structure. 

As part of the development programme for the North Rankin `A´ foundation 

improvements, (Smith and Tebbett 1989) performed two research cases on the static 

strength of grouted connections with low D/t ratios. The first study was done for on 

quarter scale and full-size pile sections and it studded the strength of grouted connection 

with pile diameter of 1.83 m while the second study was done for quarter scale tests on 

pile/insert connections with low D/t ratios and it studied the effect of different weld shear 

keys geometries. 

2.2.3. From 1990 to 1999 

In this period, the majority of these tests have been done for research related to the 

behaviour of connections with concentric loading and the effects of bending moment 

were marginally investigated. (Aritenang et al 1990) studied the failure mechanisms of 

weld-beaded grouted Pile/Sleeve connections to identifying the load-transfer and failure 

mechanisms. His experimental program had six models with variations in geometric 

dimensions. The properties of the experimental models are shown in table 2.2 and figure 

2.2. 
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Table 2.2: Properties of the experimental models. (Aritenang et al 1990). 

 

 

Figure 2.2: Section through model connection. (Aritenang et al 1990). 

The results of this study indicated that there was an increase in strength with radial 

stiffness and weld-bead height but the range of parameters was not sufficient to indicate 

the trends. Moreover, the capacity of the connections increased with radial stiffness, and 

weld-bead height but the increase in strength with weld-bead height was not the same as 

in the DEn equation. Remarkable is that Aritenang found that the diagonal crack of the 
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grout annulus and hoop yielding of the pile play a great role in creating the ultimate 

strength while the primary strength is caused by the failure of the shear-key near the 

loaded end.  

(Lamport 1988) also indicated that the linear elastic part is characterized due to the 

development of diagonal cracks in the grout while the non-linear part is driven by the 

progressive crushing of the grout in front of the shear-key. Figure 2.3 shows grout profile 

of specimen showing crack pattern according to Lamport 1990. Lamport conducted an 

experimental program during his PhD thesis consisting of 18 specimens. This 

experimental program was divided into six series and each series consists of three 

specimens to study the relative shear key location, the effect of combined loading, length 

of connection under combined loading, the eccentricity of tubular and grout strength. The 

first series was three specimens as reference for the experimental test while the second 

series was three specimens with different applied load (bending moment and axial load). 

The third series was to study the consequence of the relative shear keys location while 

the four series was to study the effect of specimen’s length. The fifth series was to study 

the effect of the eccentricity of the pile to the sleeve while the last series was to study the 

effect of grout material strength. Additional background information can be found in 

(Lamport 1989) 

 

Figure 2.3: Grout profile of specimen showing crack pattern. (Lamport 1990) 
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After the tests, Lamport did a sensitivity analysis using two constitutive relations 

from Chan 1975 and Fardis 1983 to calculate the maximum capacity of the connection 

and compare it with his test results.  

2.2.4. From 2000 to 2009 

In this period, the grouted connection has been used extensively in the offshore wind 

industry. The modern development of the grouted connection began in the 2000s in the 

field of wind energy turbines. DNV conducted JIP (Joint Industry Project) because of the 

slippage of monopiles to study the reasons for this failure.  

Andersen 2004 conducted an experimental program at Aalborg University to 

examine the strength of grouted connections without shear keys. The connection 

specimen was designed as a cantilever beam and it was inferred from this observation 

that grout had no cracking or peeling under design loads.  Anders 2007 studied in his 

Ph.D. thesis the effects of HPC on the load-bearing behaviour of axially loaded Grouted 

connection. Some important parameters were studied during this thesis as the 

compressive strength, the shear-key ratio, the fiber-reinforcement and the fatigue load. 

The compressive strengths of 60 N/mm2 (C60), 110 N/mm2 (C110), 150 N/mm2 (C150) 

and 170 N/mm2 (C170) were used for the grouts and the shear-key ratio were 0.013 and 

0.056. The fiber-reinforcement were zero, 1.0, 1.75 and 2.0%.  The dimension of Anders 

grouted connection is as shown in figure 2.4. Moreover, the GROW project at Leibniz 

University Hannover from 2006 to 2010 investigated grouted connections with shear 

keys under predominant bending (Dallyn 2015, Nikolaos 2016). 

 

 

Figure 2.4: Anders grouted connection. 
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Anders found according to the test results that the connection capacity was 

significantly increased using, high-strength grout or higher shear-keys or fiber-

reinforcement. Moreover, Anders developed a model to allow the optimal design of the 

shear keys and the steel tubes depending on the compressive strength of the grout. 

2.2.5. From 2010 to 2019 

Recently, additional researches were initiated in order to study the particularities 

induced by offshore wind turbines.  In 2011, the previously GROW project which had 

been done at Leibniz University Hannover from 2006 to 2010 started again with the name 

of GROWup. GROWup project focused on grouted connections for braced structures 

like jackets or tripods foundation.  In this type of foundation, the grouted connection is 

located between the substructure and the foundation piles. As described in chapter one, 

the grouted connection for Jacket and Tripod are mainly loaded by axial forces. 

Furthermore, GROWup focused on the grout materials when being pumped between the 

pile and sleeve. In this project, some important parameters were investigated as the 

stability, cohesion of grout underwater and the flowability of grout. As an outcome of 

this project, the results of projects were published in the PhD thesis of Anders 2007, 

Lochte-Holtegreven 2013 and Wilke 2014. Lochte-Holtegreven 2013 studied the 

ultimate and fatigue capacity of grouted connection under bending with an evaluation of 

different high-performance grout materials. Moreover, a large scale bending test was 

conducted to investigate the effect of different overlap lengths and numbers of shear keys 

as well as axial tests on a small scale were conducted to study the effect of the grout 

strength under fatigue and ultimate loading conditions. The result of this thesis showed 

that the grout compressive strength and the overlap length are the governing parameters 

for the global long-term displacement behaviour of the connections under predominant 

bending load. Wilke 2014 studied the load-bearing behaviour of grouted connection 

subjected to predominant bending. Grouted connections with large and small-scale tests 

under different types of loading was studied. The main proposal of the small-scale tests 

was to get information and data about the local behaviour of the high strength material 

as well as to get data for the numerical models validation. The result of this thesis showed 

that arrangement of shear keys in the inner third of the connection length increases the 

robustness of the grout connection. As the second phase the Joint Industry Project (JIP), 

a project that was executed by DNV, was focused on grouted connection with shear keys.  
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Wang 2013 conducted an an investigation with  axial compression tests to study the 

bearing capacity of the grouted connection. This experimental test seem to be like Anders 

test but with bigger scale. The compressive cubic strength of grout material was 90 MPa. 

The dimension of the grouted connection is as shown in figure 2.5. 

 

  

Figure 2.5: The dimension of Wang grouted connection with the grout profile 

showing the crack pattern. 

 

Wenhao 2016 studied the ultimate capacity of axially loaded grouted connections. 

Therefore, four segmental model tests and an integral model test were carried out. The 

mean cubic compressive strength was 81.6, 101.3, 100.5 and 113.7.  The scale of 1/6 was 

used to reduce the integral model of the prototype structure that’s mean the inner and 

outer steel tube diameter was 377 mm and 457 mm respectively and with a thickness of 

8.5 mm and 10.5 mm while the thickness of grout was 29.5 mm. Ten shear keys were 

used with height (h) of 3mm and spacing (s). The dimension of the four segmental model 

tests and an integral model test as shown in figure 2.6. 
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Figure 2.6: The dimension of the four segmental model tests and an integral model 

test. (Wenhao 2016) 

Wenhao found according to the test results that the segmental models with shear 

keys had more axial capacity and ductility than segmental models without shear keys 

while for the integral model, the connection had higher capacity and stiffness than the 

inner steel tube. Moreover, a comparison between the test result and the standard of 

grouted connection API, DNV 2013 and DNV 2014 were done. The result of this 

comparison indicates that the API, DNV 2013 and DNV 2014 standards underestimate 

the maximum capacity of the connections. 

Lee 2017 conducted concentric and eccentric loading tests to study the interfacial 

shear behaviour of the high-strength grouted connections variable with the shear-key 

spacing. Five specimens were used with different shear-key spacings under two different 

loading conditions.  The shape and dimension of the grouted connection specimens are 

shown in table 2.3 and figure 2.7.   
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Table 2.3: Measured dimensions of the test specimens (Unit:mm). ( Lee 2017) 

 

 

  

Figure 2.7: The dimension of the grouted connection with the grout profile 

showing the crack pattern. (Lee 2017) 

The failure mechanism was explained using the load and grout tensile strain relations 

and Lee found according to test results that the ultimate strength depends on the yield 

strength of the sleeves and the friction coefficient between the steel part and grout while 

primary strength depends on the grout strength. 

Chen 2018-2 conducted a test program consisted of six grouted connection 

specimens under ultimate four-point bending test. In these tests, overlap length, 
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eccentricity values of pile tube and thickness of transition piece tube were studied. Figure 

2.8 shows geometry and shear key details of the specimens.  

 

Figure 2.8: Geometry and shear key details of the specimens: (a) geometry of the 

specimen, (b) welded bead shear keys, and (c) shear keys arrangement for specimens. 

(Chen 2018-2) 

It was observed that all the specimens failed in a similar ductile mode and 

eccentricity has a small effect on bending capacity as well as on the ductility. 

Nevertheless, in the eyes of Chen the increased eccentricity values would aggravate the 

radial and inner cracks in grout. This test program can be benchmarks for finite element 

analysis, which focuses on the negative value of eccentricity and other parameters. 

2.3. Parameters affecting the capacity of the grouted connection 

There are many parameters, which can affect the grouted connection. These 

parameters depend on the type of grouted connection. The results of early research Lewis 

1978, Billington 1980, Lewis 1980, and Krahl 1985 for this grouted connection was 

helpful for specifying the most important parameters which may play a role in the grouted 

connection capacity. The most important parameters, which affect the capacity of the 

grouted connection, can be surmised as following: 

 Shear keys geometry 

 Grout compressive strength   

 Modulus of elasticity of the grout 
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 The grout shrinkage or expansion 

 Grout length and thickness 

 Diameters and thickness of the steel parts 

 Arrangement of shear keys 

 resistance against wear 

 Surface conditions between the grout and the steel parts 

It can be inferred from the previous observation that the most important two 

parameters are the shear keys geometry and the grout properties. The quality of the 

standards, which uses for grouted connection, depends on representation of these 

parameters in its equation. API standard equation is a very simple equation and it depends 

only on the grout compressive strength and the shear keys geometry while other standards 

like NORSOK, ISO and DNV consider the steel parts stiffness and other parameters. For 

grouted connection with shear keys, the following results were reported from the 

experimental investigation regarding to the mentioned parameters. 

1- The maximum capacity of the connection is proportional to the square root of the 

grout material strength according to many studies. 

2- The surface condition of the steel part and grout play an important role on the 

capacity of the connection. 

3- Radial stiffness of the steel parts affects the capacity of the connection due to the 

effect of confinement on the grout. 

4- Shear key spacing’s has an important influence. 

5- Arrangement of shear keys should be in the middle third of the connection for 

loading with bending moment. 

6- The maximum capacity of the connection does not depend on the shrinkage. 

 

2.4. Shear keys 

Several years ago, a new generation of grouted connections, the grouted connection 

with shear keys has been introduced.  Shear keys can be bars welded to the surface or 

beads of weld metal deposited on the steel surface.  The results of early research (Krahl 

and Karasan1985, Billington and Tebbett 1980, Tebbett, Billington  1985 and Tebbett 

1987) for the shear keys were helpful for specifying h/s parameter which plays an 
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important role in the grouted connection capacity. The limits of these early research for 

h/s was h/s=0.04. However, (Forsyth and Tebbett 1988) undertook an experimental 

program to investigate the indication of the optimum height to spacing ratio.  The result 

of this experimental program indicates that the optimum height to spacing ratio was 

approximately 0.075 as shown in figure 2.9. 

 

Figure 2.9: Effect of h/s on bond strength parameter. (Forsyth and Tebbett 1988) 

There are two types of shear keys according to the orientation. The first one is 

horizontal shear keys, which is very common to use in the grouted connection. The main 

role for the horizontal shear keys in the grouted connection is to increase bond strength 

with regard to axial force.  The second type is the vertical shear keys, which can be used 

mainly when there is a big the torsional moment considered. (Gl 2013) recommends to 

avoid to arrange the vertical shear keys near the area of influence of the horizontal shear 

keys. 

 It is well known, that the shear keys play an important role in the grouted 

connection. This role may be positive or negative. In other words, the shear keys mostly 

increase the capacity of the grouted connection but some time are considered as weak 

spots by reducing the fatigue strength of the grouted connection due to the stress 

concentrations around the shear keys. The standards of the grouted connection 
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recommend two types of shear keys arrangement as shown in figure 2.10. These types 

depend on the loads, which are applied to the grouted connection. For instance, GL 

recommends type A for multiple foundations with mainly axial load. In this arrangement, 

the shear keys distribution is along the overlap length with equal shear keys spacing while 

it recommends type B for monopile foundations. In type B the shear keys is concentrated 

in the middle part of the overlap length. 

 

Figure 2.10: Types of shear key arrangement for different types of grouted connections. 

(GL 2013) 

2.5. The Grout materials 

It is important to use grout materials not only to achieve the best mechanical 

properties but also to achieve good performance during grouting.  API (American 

Petroleum Institute ) standardised for many years a plant suitable for mixing and pumping 

and also it standardised a series of oilwell cements for well cementing. At the beginning 

of using the grouted connection in the 1970s, normal cement grout was widely used. 

Afterward, high and ultra-high-performance grout were used. 

2, 5.1.  Normal grout  

There was a leap in using normal grout after the invention of Portland cement by 

Aspdin in 1824. Normal grout can be useful in some cases due to the significantly lower 

stresses for some grouted connections. Normal grout was the most used material in the 

grouted connection, but it has weaknesses when exposed to certain loading conditions. It 

was commonly used from 1970 until 1990 then the need for stronger and more durable 
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materials has become ever more apparent while the grouted connection for offshore wind 

turbine was started at the begin of the 1990s. The most important component in the grout 

is the cement. There were several kinds of cement, which were used for grouted 

connections such as Ordinary Portland cement, Oilwell cements, High alumina cement 

(HAC), Encilite and Blended cements. 

 

2.5.1.1. Ordinary Portland cement  

This type of cement is not widely used for grouted connection but it was used some 

time for filling of fabric formwork for grout bags. 

2.5.1.2. Oilwell cements 

Oilwell cements was widely used at an early time of using the grouted connections. 

There was a lot of type for oilwell cements like Oilwell A, Oilwell B and Oilwell G which 

were used for the most applicable offshore structures. The Oilwell series had a retarded 

setting if it was compared with the ordinary portland cement. The main reasons for this 

retarded setting were that oilwell series was developed for well cementing as well as it 

needed to remain fluid for a long time to have the ability to be correctly placed downhole. 

2.5.1.3. High alumina cement (HAC)  

This type of cement was the best choice for high early strength because it has high 

strength within 24 hours but it still has some disadvantages such as suffer conversion, 

difficulty mixing in seawater and incompatible with other cements. 

2.5.1.4. Encilite 

This type of cement was replaced by high alumina cement in many offshore 

structures places. It has the same advantage of high alumina cement and it has overcome 

the disadvantages of HAC like it easy to mix in seawater and it is compatible with other 

cements. 

2.5.1.5. Blended cements 

This type of cement was more expensive than neat cement therefore; it was used 

only for some cases when their technical advantages were required. 
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2.5.2. High-performance grout (HPG) 

High-performance term can refer to the external characteristics of the material and 

it mainly consists of cement, fine and coarse aggregates, and admixtures. According to 

the Federal Highway Administration in the USA, high-performance concrete includes 

eight performance characteristics (e.g., durability, compressive strength, modulus of 

elasticity, shrinkage,…). The definition of high-performance concrete has changed over 

the years for example in the 1950, concrete with a compressive strength of 34 MPa was 

considered as high strength concrete. Afterwards, concretes with 40 to 60 MPa were 

widely used in the 1960s and 1970s as high-performance concrete. American Concrete 

Institute (ACI) tried to define the HPC as concrete can reach a specified compressive 

strength of 55 MPa or greater and it does not include epoxy concrete, polymer-

impregnated concrete, or concrete made with artificial normal weight and heavy weight 

aggregates. According to ACI, HPC can be defined in other words as "Concrete meeting 

special combinations of performance and uniformity requirements that cannot always be 

achieved routinely using conventional constituents and normal mixing, placing and 

curing practices".  High-performance grout has many advantages e.g., high bearing 

capacity, high specific strength very good durability. These advantages meet the 

requirements of the grouted connection design. One of the most important parameters 

using in the design standards for the grouted connection is the compressive strength and 

the high strength concrete considers a type of high-performance concrete. Using high-

performance concrete can help in increasing the capacity of the grouted connection, 

putting the grouted connection into service at a more earlier age and satisfying the 

specific requires of durability for the wind farm.  

2.5.3. Ultra-high performance grout (UHPG) 

Although the normal and high-performance grout has many advantages, they have 

significant weak points such as low tensile strength, which is very important for some 

applications. UHPC with fiber can be a suitable solution for these weak points. Moreover, 

the development of the theory of shrinkage and creep for grout, together with the use of 

fiber, laid the foundation for application of UHPC in grouted connection. UHPC 

considers one of the latest advance in grout technology. UHPC is classified as a new 

generation concrete with compressive strength exceeding 150 MPa, possibly attaining 
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250 MPa according to AFGC/SETRA Scientific and Technical Committee in France. 

Moreover, UHPC can reach 800 MPa according to Schmidt and Fehling 2004. UHPC 

potential was not realized until the 1990s at the same time of using grouted connection 

in offshore wind turbine structures. Once UHPC was spread around the world rapidly 

and gaining popularity, it used also in grouted connection. One of the generally 

accepted reasons for using UHPC instead of normal grout is that UHPC has high 

compressive strength, extreme durability, high ductility, and high flexural/tensile 

strength. In normal grout, the introduction of aggregate lowers the strength because 

of the cracking being initiated at the cement paste/aggregate interface, which is 

considered as a zone of relative weakness. On the contrary, for UHPC, the cracking 

being initiated at aggregate itself because of the strong bond between the cement 

paste/aggregate interface. However, the production and mixing of UHPC requires 

more research and more attention to quality control than normal or high-performance 

concrete. The most famous basic in UHPC technology is that water/cement ratio is 

very low because it is well known from the famous water/cement ratio theory that the 

lower the water/cement ratio leads to higher strength but reducing the water/cement 

ratio too much lead to decrease the fluidity of the mixture and difficulties in 

compaction, therefore using superplasticizer enable to reduce water/cement ratio 

safely. 

2.5.3.1. Components of UHPG 

Mainly, the normal concrete and high-performance concrete consist of cement, 

fine and coarse aggregates, and admixtures. Likewise, UHPC consist of cement, fine 

or coarse aggregates, silicafume, crushed quartz, superplasticizer, water and fibers. 

UHPC is cementitious composite material composed of an optimized gradation of 

granular constituents with water-to-cementitious materials ratio is less than 0.25 (Lee 

2013).  To enhance the mechanical strength of UHPC, the coarse aggregate can be 

replaced with steel fibers and nano-fillers. Moreover, nano-fillers can also increase 

the tensile strength. Table 2.4 shows the typical compositions of concrete materials 

at different levels of performance (lee 2013).  
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Table 2.4; Compositions of Concrete Materials at Different Levels of Performance 

(Lee 2013). 

 

 

It is very clear from this table that UHPC has not only a big enhancement in 

compressive strength but also a minimum porosity compared to normal concrete and 

high-performance concrete. As it was mentioned, UHPC has about seven components as 

following: 

 

2.5.3.1.1. Cement for UHPG 

It is very important to get a type of cement give the required workability with low 

water to binder ratios (w/B < 0.24) and achieve compressive strength up to 150 MPa. 

Moreover, the proportion of cement used in UHPC should be higher than the proportion 

of cement used in normal and high-performance concrete. Portland cement with high 

sulphate resistance (CEM I 42.5R HS/52.5R HS) and ordinary Portland cement type I 

(CEM I 42.5R/52.5R) are suitable for UHPC production. Energetically Modified Cement 

(EMC) which produced by high intensive grinding/activation of ordinary portland 

cement (OPC) together with different types of fillers, can be used in UHPC to get more 

finer pore size distributions and high durability. 
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2.5.3.1.2. Plasticizers  and Superplasticizers 

Superplasticizers or plasticizers are admixtures based on polycarboxylate ethers used 

mainly to get good workability of grout or concrete at low w/c ratios and it has a 

significant influence on the fresh concrete as well as on hardened concrete properties. 

Plasticizers are known as water-reducing agents while superplasticizers are known as 

high- range water-reducers. It was recommended to use superplasticizers ranges between 

2-4% of the volume fraction. Superplasticizer viscorete 2810 is used in the experimental 

program in chapter 3. 

2.5.3.1.3. Silica fume  

Microsilica or Silica fume is the principal constituent of UHPC. It used to fill the 

voids between coarser particles and to reduce the friction and to compact grout density 

thus, it help in increasing the compressive strength and durability of UHPC by the 

microfiller effect and excellent pozzolanic properties of the material. Silica fume, which 

used in UHPC, should be dust-free and has high-quality particle size distributions. Silica 

fume comes from erro-silicium alloys producing units. As a side effect of slica fume, it 

gives UHPC dark colour because of the unburnt coal contained in it. 

2.5.3.1.4. Sand for UHPG 

The sand mainly used to reduce the maximum paste thickness and to provide a good 

paste-aggregate interfacing bonding. The mean particle size of sand can be smaller than 

1 mm. Coarse Aggregates can be also used behind the sand in UHPC. According to (Ma 

2004), using coarse aggregates led to decrease in cementitious paste volume fraction. 

Moreover, it make some changes in mechanical properties and mixing process. The micro 

cracking in the interface zone in UHPC comes because of the difference in thermal and 

mechanical properties between aggregate and cementitious matrix. The length of this 

micro cracks depends on the grain size of aggregates and it was recommended to use 

aggregate with size limited to 0.6mm.  

2.5.3.1.5. Fibers 

UHPC has high compressive strength but it shows very brittle failure behaviour and 

limited post-crack behaviour which means that the structure can fail explosively without 

any omen. These behaviours of UHPC can be modified using fibers. In addition, by using 
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fibers some important properties such as tensile strength, load capacity and improvement 

of ductility can be enhanced significantly. Table 2.5 shows the common fiber properties.  

 

Table 2.5: Common fiber properties. (ACI 544 2010) 

 

There are many types of fibers such as polypropylene fibers, steel fibers and glass 

fibers. Polypropylene fibers can decrease of early shrinkage and microscopic crack 

growth with high loading while steel fibers can increase fracture energy, strength and 

reduction of the tendency for cracking. Even glass fibers can be used for the reduction of 

internal stresses within young concrete.  Furthermore, the geometry of the fiber as well 

as the way of manufacturing play a great role on the fiber efficiency in the mix. Figure 

2.11 shows Fiber geometries. 
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Figure 2.11: Fiber geometries. (ACI 544 2001) 

2.6. Current Challenges for Grouted Connection 

Studies show that wind energy demand is significantly increasing, therefore, the 

need for more effective wind turbine structures becomes the priority of the researches. 

The need of great potentials in wind energy has pushed the industry from onshore wind 

energy towards offshore wind energy. As is the case with most engineering structures, 

the history of the grouted connection is marked with great successes and great failures. 

Failures can largely lead to more advances as a reinvestigation of the behaviour of 

grouted connection which was previously ignored or misunderstood receive great 

attention. Since the grouted connection is a relationally new technique in offshore 

structures generally and in offshore wind structures particularly, there are still many 

theoretical and practical questions that need to be answered regarding to design 

parameters for the grouted connection.  No doubt that there is a requirement to fill the 

gap between the current grouted connection technology and future load development for 

the wind turbines, therefore, there is a bad need to use new grout material. Nowadays, 

UHPC and HPC are used for the grouted connection but there are very limited tests in 

investigation of the grouted connection with UHPC and HPC. Furthermore, it is well 

known that the main load acting on the oil platforms structure is axial load and the main 

load for wind turbine structure for many cases is combined load. This combination comes 

from the own weight of the structure in addition to hydrodynamic wave loads and 

aerodynamic wind. There are limited researches discussing this issue. Significant effort 

must be exerted to study these cases. DNV may be the only or the first standard for design 

of grouted connection considering the bending moment in the design equation but the 
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bending moment design and the axial design were separately considered in the 

guidelines. According to Tziavos 2016, there were implications in several wind farms for 

instance, settlements and abrasive wear due to sliding between the surfaces in contact 

was reported which means that the performance of the grouted connections was 

inadequate which means that the applicability of the current design codes should be 

evaluated. Moreover, using offshore wind energy can overcome some onshore wind 

energy problems e.g., the wind turbine noise and the effect of flora and fauna. 

Nevertheless, offshore wind energy has a problem, which can be a big obstacle to get the 

benefit from this type of energy. This problem is the high cost of the offshore structures 

but this can potentially be very cheap once the infrastructure and researches are 

improved. 
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CHAPTER 3: 

EXPERIMENTAL PROGRAM 

3.1. Overview 

Previous research on grouted connections has focused mainly on grout types, shear 

keys dimensions, shear keys spacing, types of loading and the steel part stiffness. A 

literature review has highlighted a lack of understanding of the behavior of the grouted 

connection with UHPC, eccentric loading and  different arrangement of shear keys. 

Therefore, the experimental tests were designed to examine the effect of some parameters 

including: 

 Using different grout (normal grout, HPC and UHPC) 

 Concentric and Eccentric Loading 

 Different fiber ratio.  

 Different grout thickness 

 Increasing the shear keys number 

 Reducing the pile diameter 

 Different arrangement of shear keys with Concentric Loading 

 Different arrangement of shear keys with Eccentric Loading 

To study these parameters, 14 grouted connection tests were done using a hydraulic 

testing machine. Each specimen was used for one or two tests and variations were with 

different grout type or load conditions. These specimens were divided into six groups. In 

addition, reference tests were performed for quality assurance of mix consistency and to 

compare the results from this reference test to previous work. This chapter describes the 

experimental techniques, which was used. Moreover, it contains the details and the 

description of the experimental program, the grout material properties, test preparation 

and instrumentation, loading procedure and Mixing procedure.  

3.2. Aim of work and description of the experimental program 

The specimens include the complete overlap area Lg and additionally, parts of the 

steel tubes (pile and sleeve) were designed and manufactured in Kassel University. At 
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the beginning of the work, some previous tests were modeled by ATENA 3D in order to 

optimize the design. The machine loading capacity plays a great role in the size 

determination of the specimen. Moreover, the size of the specimen is preferred to be quite 

similar to previous tests so that the comparison between results can be done. Based on 

the information covered in literature review chapter two, it was decided that the size of 

the connection should be selected according to three important criteria: 

1- The load capacity of the hydraulic testing machine. 

2- The possibility of rearrangement of the shear keys 

3- The possibility of making a comparison between this connection and previous 

studies 

All specimens have a label, which represents the parameters of the test as shown in 

figure 3.1. Table 3.1 shows the test program as well as the grout reference tests for each 

test. A, B, C, D and F are different type of connection specimens which used in the 

program test. 

 

 

 

Figure 3.1: Specimens label. 
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Table 3.1: Test program. 

 

3.3. Group one: concentric loading with different types of 

grout (reference tests) 

 

This group was used as a reference for the other groups and it was designed to 

examine the effect of two parameters: the capacity of the connection and the compressive 

strength of different grouts. Two grouted connection specimens SHC-20-N-S0 and SHC-

20-N-Q0 were performed under axial loading. The two specimens were cast in the 

concrete laboratory at the University of Kassel together with the gout reference test 
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specimens. Two types of grout were used; the first type of grout was Ducorit ® S2 that 

mainly used for grouted connection in on/offshore wind turbine foundation and it is 

pumpable up to hundreds meters without any risk of separation as well as there is no risk 

of washing out cement particles. The second type was the UHPC M3Q mixture that was 

elaborated at Kassel University during the work on the priority program (SPP1182) of 

the German Research Foundation. UHPC is a cementitious material that has a 

compressive strength normally higher than 150 MPa. The tensile strength for this 

cementitious material ranges between 8 - 15 MPa. Table 3.2 shows the results of the 

reference test for those grouts. 

 

Table 3.2:  The reference tests for the grout. 

 

 

Specimen Code 

 

 

 

 

Type of Grout 
Compressive 

)MPa( cstrength f 

modulus  Elastic

)MPa(  cE 

 

SHC-20-N-Q0 M3Q 193,7 47100 

SHC-20-N-S0 S2 Ducorit 121,8 44000 

SHC-20-N-Q1 M3Q 172,6 47400 

SHC-20-E-Q1 M3Q 172,6 47400 

SHC-30-N-Q1 M3Q 172,6 47400 

SHC-20-N-Q2 M3Q 160,6 47900 

SHC-30-N-Q2 M3Q 160,6 47900 

LHC-20-N-S0 S2 Ducorit 121,8 44000 

LHM-20-N-S0 S2 Ducorit 121,8 44000 

LHUL-20-N-S0 S2 Ducorit 121,8 44000 

 LHC-20-E-C40 C40 36,3 30300 

 LHM-20-E-C40 C40 36,3 30300 

 LHUL-20-E-C40 C40 36,3 30300 

 LFC-20-N-S0 S2 Ducorit 121,8 44000 
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The experimental tests on the behavior of grouted connections under axial load with 

different grout material were undertaken.  The specimen dimension for this group is 

shown in table 3.3. For the manufacture of test specimens, a circular hollow steel tube 

with 244.5 mm x 25 mm and 318.0 mm x 25 mm were used as shown in figure 4.2. The 

steel thickness was relatively thick to prevent unexpected local buckling for pile and 

sleeve. The delivered hollow steel tubes of 500 mm length were cut into 2 pieces each 

one 250 mm. According to delivery sheet, the steel parts have a Young’s modulus of 

2.00×105 MPa, the yield strength of 355MPa and a Poisson’s ratio of 0.3. Table 3.4 

shows the steel tubes size, which were used in the test program. 

 

Table 3.3: Specimens dimension for the Experimental test. 

 Outer 

diameter Ø D 

in mm 

Inner diameter 

Ø D2 in mm 

Thickness T in 

mm 

Length in 

mm 

Length-related 

dimensions in 

kg  

Inner steel pipes 244,5 194.5 25 500 68 

Outer steel pipes 318,0 268 25 500 91 

Pile 236.5 196.5 20 225 30.45 

Sleeve 316 276.0 20 225 40.65 

 

 

Figure 3.2: The delivered hollow steel tubes of 500 mm length for both 244.5 mm 

X 25 mm and 318.0 mm X 25 mm. 
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The shear keys on the pile and sleeve with a height of 3 mm and a width of 10 mm 

with trapezoidal shape were created by drilling on the pile and sleeve as shown in figure 

3.3. The ratio of shear key height to shear keys spacing was set to not exceed 0.1. 

 

 

Figure 3.3: Specimens dimension for the Experimental test and the shear keys. 

Table 3.4: Steel tubes which were used in the test program 
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3.4. Group Two: Concentric and Eccentric Loading, 

Different Fiber Ratio and Different Grout Thickness 

In this group, three grouted connections (SHC-20-N-Q1, SHC-20-E-Q1 and SHC-

30-N-Q1 ) with concentric and eccentric loading, fiber ratio of 1%vol and different grout 

thickness were investigated. The same geometry as in group one was maintained for 

specimens SHC-20-N-Q1 and SHC-20-E-Q1. Specimen SHC-30-N-Q1 has a smaller 

pile diameter in order to increase the grout thickens. Figure 3.4 shows the dimension of 

specimen SHC-30-N-Q1. The specimens SHC-20-N-Q1and SHC-30-N-Q1 were 

subjected to pure normal force while specimen SHC-20-E-Q1 was subjected to normal 

force with an eccentricity of 70 mm. All Specimens have grout the same fiber ratio. 

 

Figure 3.4: The dimension of Specimen SHC-30-N-Q1. 
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3.5. Group three: different fiber ratio and different grout 

thickness 

Two-grouted connections (SHC-20-N-Q2 and SHC-30-N-Q2) with the same fiber 

ratio of 2%vol and different grout thickness were experimentally investigated. Both of 

them were subjected to pure normal force and have the same grout thickness of 20 mm.  

All specimens have the same shear keys shape and the same numbers. 

3.6. Group four: long Grout length and different 

arrangement of shear keys 

 

In this group, three grouted connections (LHC-20-N-S0, LHM-20-N-S0 and 

LHUL-20-N-S0) with axial Load, long grout length, Ducorit ® S2 and five shear 

keys were experimentally investigated. All specimens have the same shear keys 

shape as the previous groups but with different arrangements of the shear keys. It 

is clear that the bottom shear keys of the sleeve should be lower than the bottom 

shear keys of the pile otherwise the crack could run from the bottom shear key of 

the sleeve to the second-lowest shear key of the pile. This means there would be 

only two effective shear keys in the pile. Arrangement C is the current 

arrangement that was recommended by the American  Petroleum  Institute  API  

and the UK Department of Energy recommended. In arrangement M, three shear 

keys were intensified in the middle of the connection. In arrangement UL, the 

shear keys were intensified in the upper and lower part of the connection.  Figure 

3.5 shows the different arrangement of the specimens. 
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Figure 3.5: Different arrangement of shear keys. 

 

3.7. Group five: Eccentric Loading and Arrangement of 

Shear Keys 

Three-grouted connection (LHC-20-E-C40, LHM-20-E-C40 and LHUL-20-

E-C40) with eccentric loading, long grout length, normal concrete and five shear 

keys were undertaken. All specimens have the same shear keys shape and numbers 

as the previous group. 
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3.8. Group six: the arrangement of shear keys (face to face) 

In this group, only one grouted connection specimen (LFC-20-N-S0) was 

undertaken. In most cases of grouted connection design, the sleeve shear keys are 

located halfway between pile shear keys. However, it is very difficult to control 

the relative location of the pile and sleeve shear keys in reality. Figure 3.6 is 

showing the arrangement of the specimen face to face. 

 

Figure 3.6: The arrangement of the specimen face to face LFC-20-N-S0. 

3.9. The grout materials used in the tests 

The grouted connections between the pile and the sleeve in offshore structures 

are generally created by filling the annulus between the pile and sleeve with high 

strength grout.  The grout was defined by ACI as “a mixture of cementitious 
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material and water, with or without aggregate, proportioned to produce a pourable 

consistency without segregation of the constituents.” and it can contain slag, fly 

ash and liquid admixtures. Nowadays, UHPC is widely used in many applications 

since it is a highly versatile material offering both effectiveness in performance 

and efficiency of manufacture.  In these experimental tests, three types of grout 

(UHPC M3Q, Ducorit ® S2 and normal concrete) were used. 

3.9.1. UHPC M3Q 

UHPC is a cementitious material that has a compressive strength normally 

higher than 150 MPa. The tensile strength for this cementitious material ranges 

between 8 - 15 MPa. More details about UHPC and its components were discussed 

in chapter two. UHPC M3Q mixture was elaborated at Kassel University during 

the work on the priority program (SPP1182) of the German Research Foundation. 

It is important to mention that the M3Q mix was designed to provide a 

compressive strength of concrete cylinders at about 200 MPa and also it has a very 

high self-compacting characteristic. Figure 3.7 shows the components of M3Q 

mix. Table 3.5 shows the composition of the mixes.  

 

Figure 3.7: Component of M3Q. 
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Table 3.5: Composition of mixes. 

  Mix 

Composition 

Water   

CEM I 

52.5R 

HS-NA 

Silica 

fume 

Superplasticizer 

Sika Viscorete 

2810 

Ground 

Quartz 

W12 

Quartz 

sand 

0.125/0.5 

Steel 

fibers 

)3Kg/m( )3Kg/m( )3Kg/m( )3Kg/m( )3Kg/m( )3Kg/m( )3Kg/m( 

UHPC 187.98 795.40 168.60 24.10 198.40 971.00 0 

UHPC with 1%vol 186.10 787.45 166.91 23.86 196.42 961.29 78.52 

UHPC with 2%vol 184.22 779.49 165.23 23.62 194.43 951.58 157.04 

 

Figure 3.8 shows two mixers (R09W and R05T) with a maximum capacity of 

100 and 25 liters respectively, which were used to mix UHPC, S2 and normal 

concrete. R09W was used for UHPC while R05T was used for S2 and normal 

concrete. Table 3.6 shows the time and the mixing sequence for UHPC with fibers. 

During the first 120 seconds the dry mixing of cement, silicafume, quartz sand 

and ground quartz has taken place. Then the required water and superplasticizer 

were added. Once the mixture had enough viscosity and fluidity, the steel fibers 

were added through passing a sieve in order to not accumulate into bundles.  

 

Figure 3.8: Mixers R09W and R05T. 
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Table 3.6: The time and the mixing sequence for UHPC with fiber. 

Step Process 

Time of 

mixing Duration 

1 Preparation and Measurement - 60 min 

2 Materials filling - 5 min 

3 Dry mixing 0 - 2 min 2 min 

4 Adding Water and super plastisizer 2 - 5 min 3 min 

5 Break 5 - 7 min 2 min 

6 Mixing 7 - 15 min 8 min 

7 Steel fibers filling 13 - 15 min 2 min 

8 Break 15 - 25 min 10 min 

9 Final mixing 25 – 25.5 0.5 min 

10 Casting - 30 min 

 

 

3.9.2. Ducorit ® S2   

Ducorit ® S2 is one of the wide variety of commercially available grouts. It 

is ultra-high performance grout and it mainly is used for grouted connection in 

on/offshore wind turbine foundation. Based on cylindrical specimens of 100 mm 

x 200 mm , the compressive strength for all mixes with S2 Ducorit can be 

considered constant since there is a very little variance between them. S2 was 

designed to provide a compressive strength of concrete cylinders at about 120 

MPa. Additional information about the main properties of S2 is provided in 

Appendix B.  



 
Chapter 3: Experimental Program 

59 
 

 

Figure 3.9: Ducorit ® S2 grout. 

Figure 3.9 shows the Ducorit ® S2 grout before the mixing. It can be mixed 

very sample since only water ratio is needed to know. 

 

3.10. Steel fibers 

Fibers are used as secondary reinforcement by adding it as discontinuous steel 

fibers.  The most influential aspects for the fibers are a volumetric percentage of 

fibers, the type of fiber and fiber geometry. Only one type of steel fibers was used 

for all tests with equal tensile strength of 2500 MPa and the same dimensions. 

Table 3.7 shows the mechanical properties of steel fiber, which was used in the 

experimental program for M3Q. 

Table 3.7: The mechanical properties of steel fiber. 

Diameter 

fd 

(mm) 

flLength  

(mm) 

Aspect 

ratio 

(𝒍𝒇 𝒅𝒇⁄  ) 

Density 

)3g/cm( 

Tensile 

strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

0.175 13 74.29 7.8 2500 200 

 

3.11. Fabrication and processing of test specimens 

The main challenge in the manufacturing of the grouted connection specimens 

is to manufacture the shear keys. The main role of the shear keys in the grouted 
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connection is to increase bond strength. Shear keys can be bars welded to the 

surface or bead of weld metal Figure 3.10 shows the manufacturing process of the 

hollow steel tubes in the required length for the connection.deposited on the steel 

surface however in this test, shear keys were sculpted in both pile and sleeve. After 

the manufacture of the two connections, a precompression load was applied to the 

steel parts to avoid the internal or residual stresses.  

 

           

            

Figure 3.10: Manufacturing of the Connection. 

 

To assure that the steel tubes remained concentric during the process of 

concrete pouring a wooden formwork was done on a European pallet. Figure 3.11 

shows the specimens in a wooden formwork before the testing. The plastic cover, 
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which would be removed after the casting procedure, was used to protect the strain 

gauges. To avoid leakage due to gaps, silicon was used before casting the concrete. 

Because of the high self-compacting characteristic of UHPC, the grout was 

vertically poured into the gap between the pile and sleeve without any additional 

vibrations. After casting, the specimens were covered with a plastic sheet to 

prevent drying. The specimens were stored for 28 days of hardening at ambient 

temperature in the laboratory until the testing day.  

 

Figure 3.11: The specimens before the testing in a wood formwork. 

3.12. Instrumentations 

The strain gauge is an important sensor that converts strains, compression or 

tension into a change in measurable electrical resistance. It used for measuring the 

internal expansion and contraction on the surface of a specimen. In the structural 

analyzing, the strain gauge is used to measure the stress in the material and then 

the prediction of the material safety can be obtained. Thirty-six strain gauges were 

installed in both the axial and hoop direction and placed at 120o spacing around 

the sleeve and pile perimeter. Before casting the grout, the strain gauges were 

installed at row and location as shown in figure 3.12. The relative displacement of 

the connection was recorded by using four Linear Variable Differential 
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Transducers (LVDTs) and were located at 90o apart. LVDTs were used to measure 

the average axial deformations of the connection. 

 

 

 

 

Figure 3.12: Locations of strain gauges and their labels for long and short 

connection. 
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3.13. Loading and experimental test procedures  

The specimens were tested in a universal hydraulic testing machine with a 

compressive capacity of 6.3 MN in the laboratory of the Structural Engineering 

Institute at Kassel University. The specimens were loaded until the failure of the 

connection. The load was applied with a constant displacement rate of 0.002 

mm/s. Mostly, it was observed that the performance of the specimens, after the 

peak at a displacement of 5 mm, had no significant change, therefore, the 

displacement rate then was increased up to 0.02 mm/s. The loading in all tests has 

been continued after reaching ultimate load until relative axial movements 

between pile and sleeve have reached about 40 mm except specimens SHC-20-N-

Q1 and SHC-20-E-Q1. The load for these two specimens was stopped early at 7 

mm displacement so that the grout crack pattern could be studied.  To align the 

specimen centrally within the centroid of the load platens, two circular plates at 

the bottom and top of the specimen with a thickness of 10 mm and 8 mm 

respectively were used as shown in figure 3.13. Figure 3.14 shows the universal 

testing machine. 

 

Figure 3.13: Two circular plates at the bottom and top of the specimen with a 

thickness of 10 mm and 8 mm. 

https://www.arabdict.com/de/english-arabic/except
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Figure 3.14: Test setup and the hydraulic jacks machine with a compressive 

capacity of 6.3 MN. 

 

A data acquisition system was used for transmitting the load values to the load 

cell. The load cell was controlled by a PC computer. The software for recording 

all reading from LVDTs, strain gauges and the load cell was Catman. At first, a 

small initial load was applied in order to ensure the perfect working performance 

of the testing machine, LVDTs and strain gauges. Afterward, the load was released 

in order to get zero value for all readings.  
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3.14. Grout reference test 

3.14.1. Testing of fresh grout 

Testing of fresh grout and early age properties are important to ensure that the 

grouts able to be handled and placed efficiently. The most important requirement 

for grout that used in offshore structures, is workability.   

 

3.14.1.1. Workability of fresh grout 

Slump cone test was used to determine the workability and the uniform 

quality of concrete during the casting by evaluate the horizontal free flow. DIN 

EN 12350-8: 2010 Standard was used for doing the procedure for determining 

the slump-flow and t500 time. In this test, two perpendicular measurements are 

measured for the slump-flow horizontally across the spread of concrete and then 

the average is reported. There are two procedures for filling the slump test cone. 

It can be in the upright or inverted position. Figure 3.15 shows the procedures 

for the slump cone test. 

 

 

 

Figure 3.15: Slump cone test. 
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3.14.2. Testing of hardened grout  

The hardened properties of grouts are very important for their successful use. 

The   hardened   concrete tests   are   manly   checked   to   ensure     mechanical 

behaviour of the grout and its durability.  

3.14.2.1. Compressive strength and elastic modulus 

Compressive strength for grout can be measured on either cubes or cylinders. 

It is more common to measure compressive strength on cylinders with a height to 

diameter  (h/d) ratio of 2.  In this program, four cylindrical specimens of 150 mm 

x 300 mm were used to determine the compressive strengths fc and elastic modulus 

Ec in accordance with DIN EN 12390-3: 2009-04 and DIN 12504-4: 2004. The 

cylindrical specimens were tested using a 4000 kN capacity compression machine. 

The end surface of the specimen have to be prepared by grinding or capping. In 

this case, in order to do the two ends of each concrete cylinder parallel and the 

load transfer uniformly to the cross section, a grinding wheel was used. Figure 

3.16 shows the compression test setup. 

 

                  

Figure 3.16: Compression test setup. 
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3.14.2.2. Direct tensile strength of unnotched prisms 

Three unnotched prisms of 40x40x160 mm3 were used to determine the tensile 

strengths for each mixture. Figure 3.17 shows the specimen in the displacement 

controlled testing machine, which has a maximum capacity of 150 KN.  

 

 

Figure 3.17: Direct tension test setup. 

3.14.2.3. Direct tensile strength of notched prisms 

Six notched prisms of 40x40x80 mm3 were used to determine the fiber 

efficiency of UHPC with fiber. This prisms were cut from the whole cast prisms 

of 40 mm x 40 mm x 160 mm and then the notches were created in the middle of 

two opposite sides of the prism with a width and a depth of 5 mm to force the 

failure to be in the middle of the prism. This test was carried out according to 

(Leutbecher 2008). Figure 3.18 shows the specimen with the displacement 

controlled testing machine 
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Figure 3.18: Direct tension test setup for Notched Prisms. 

3.14.2.4. Splitting tensile strength 

Three cylinders of 150 mm x 300 mm were used to determine the splitting 

tensile strength according to DIN EN 2390-6: 2010.  After the specimens had 

failed, the maximum load and the crack shape were recorded. Figure 3.19 shows 

the splitting test setup. 

 

Figure 3.19: Splitting test setup 
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3.14.2.5. Flexural Tests 

Flexural beam tests were conducted according to DIN EN 12390-5:20019. 

Three prisms of 40x40x160 mm3 were used to determine the flexural tensile 

strengths for each mixture.  Before the test, cross-section number and dimensions 

were measured and recorded at the specimens. Specimens were loaded in three-

point bending as shown in figure 3.20. After the specimen failed, the maximum 

load and the crack distance from the grout interface (mid-span) were recorded. 

 

Figure 3.20: Flexural beam test. 
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CHAPTER 4  

TEST RESULTS AND OBSERVATION 

4.1. Overview 

In this chapter, the results of the experimental program, including an 

observation of the test specimens behaviour were discussed. Fourteen specimens 

were tested to evaluate the performance of the grouted connection under different 

type of loading, different fiber ratio and different geometry. The object of the 

experimental study described in this chapter is to determine the maximum capacity 

of the connection with different parameters and to analyze the results of the 

investigations. The details and the description of the experimental program were 

discussed in the previous chapter. The ultimate load capacity from the test 

programme are presented in Table 4.1. 

 

Table 4.1: The ultimate load capacity. 

No Group Specimen Max P (KN) 

1 Group 1 SHC-20-N-Q0 2428.7 

2 SHC-20-N-S0 2410.1 

3 Group 2 SHC-20-N-Q1 2570.4 

4 SHC-20-E-Q1 2885.7 

5 SHC-30-N-Q1 2039.4 

6 Group 3 SHC-20-N-Q2 2540.8 

7 SHC-30-N-Q2 2465.1 

8 Group 4 LHC-20-N-S0 5275.6 

9 LHM-20-N-S0 4546.1 

10 LHUL-20-N-S0 4985.6 

11 Group 5 LHC-20-E-C40 3567.6 

12 LHM-20-E-C40 2909.8 

13 LHUL-20-E-C40 2934.7 

14 Group 6 LFC-20-N-S0 4461.4 



 
Chapter 4: Results and Observation 

71 
 

4.2. Group 1:  SHC-20-N-S2 and SHC-20-N-Q1 

This group was the reference for the other groups and it was tested under pure axial 

load with the same geometry but with different grout material (M3Q UHPC and Ducorit 

® S2). At the date of tests, the grout age of all specimens was between 28 and 30 days. 

It was found from the test observations that at the primary strength there was a sound, 

which may be occurred because of grout failure by cracking or grout crushing which 

agree with the study done by Lamport 1989. Specimens SHC-20-N-S0 and SHC-20-N-

Q0 were initially stiff then it had a short plateau after peaking and a gradual post-peak 

load decline as shown in figure 5.1. The maximum load for specimens SHC-20-N-Q0 

and SHC-20-N-S0 was 2428.66 KN and 2410.10 KN respectively. At the ultimate, the 

relative displacement between the pile and sleeve for SHC-20-N-Q0 and SHC-20-N-S0 

was 1.4 and 1.7 mm respectively. Figure 4.2 shows the specimens after the test. The 

deformations specified in the figures represent mean values of the data measured at four-

point as shown in figure 3.12 in chapter four. 

 

 

Figure 4.1: Load-displacement Curve for specimens SHC-20-N-Q0 and SHC-20-N-S0. 
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Figure 4.2: The specimens after the test (A for SHC-20-N-S0 and B for SHC-20-N-Q0) 

 

 4.3. Group 2:  SHC-20-N-Q1, SHC-20-E-Q1 and SHC-30-N-Q1 

The behaviour of the grouted connection subjected to combined load and 

different thickness of the grout was examined. This group had three specimens. 

The first and the third specimen were tested under pure axial load while the second 

was tested under eccentric loading. Figure 4.3 illustrates load-displacement curve 

for specimens. The axial displacement of the specimens was calculated from the 

average displacement recorded from four LVDTs. The ultimate load for 

specimens SHC-20-N-Q1, SHC-20-E-Q1 and SHC-30-N-Q1 was 2570.4 KN, 

2885.7 KN and 2039.4 KN respectively. At the ultimate, the relative displacement 

between the pile and sleeve for SHC-20-N-Q1, SHC-20-E-Q1 and SHC-30-N-Q1 

was 2.2, 3.9 and 1.0 mm respectively. For specimen SHC-20-N-Q1, after the 

second drop of the load, the strength recovered until reaching the ultimate strength. 

For specimen SHC-20-N-Q1, it exhibited an almost linear ascending part and then 

it exhibited an elasto-plastic stage until the first ultimate load, and then followed 

by a sharp decrease of load until the second peak load was reached.  
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Figure 4.3: Load-displacement curves for specimens SHC-20-N-Q1, SHC-20-E-Q1 

and SHC-30-N-Q1 

 

The specimen reached a maximum load of 2570 KN at a displacement of 2.3 

mm. For loading with eccentricity, the axial displacement of the specimens was 

calculated from the average value of two LVDTS located on the bending neutral 

axis. Figure 4.4 shows the three specimens after the test. It can be inferred from 

this observation that  specimens SHC-20-N-Q1, SHC-30-N-Q1 have no noticeable 

inclination of the pile relative to the sleeve while the specimen SHC-20-E-Q1 has 

a significant inclination that indicates the failure in this specimen was due to 

failure of the grout material as it also can be seen from the strain gauges. 
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Figure 4.4: The specimens after test (a for SHC-20-N-Q1, b for SHC-20-E-Q1 and 

c for SHC-30-N-Q1) 

The test was stopped at 35 mm for specimen SHC-30-N-Q1 while for 

specimens SHC-20-N-Q1 and SHC-20E-Q1, the load was stopped early at 7 mm 

displacement so that the grout crack pattern ccould be studied. Figure 4.5 shows 

specimen SHC-20-E-Q1 after cutting the sleeve. 

 

 

Figure 4.5:  SHC-20-E-Q1 after cutting the sleeve. 
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After the sleeve was cut, the grout was divided into four parts to study the 

crack pattern as shown in figure 4.6. It can be seen that the lower parts from part 

1 and 2 with red and green colours was damaged while the upper part from part 3 

and 4 with yellow and blue colours was damaged because of the inclination of the 

pile relative to the sleeve due to the eccentricity. It can be seen from overall result 

that the specimens failure was of the type normally associated with grouted 

connection. 

 

 

Figure 4.6: The grout parts after cutting the sleeve. 
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4.4. Group 3: SHC-20-N-Q2 and SHC-30-N-Q2 

The behaviour of the grouted connection subjected to normal force and 

different thickness of the grout was examined. The ultimate load for specimens 

SHC-20-N-Q2 and SHC-30-N-Q2 was 2540.8 KN and 2465.1KN respectively. At 

the ultimate, the relative displacement between the pile and sleeve for SHC-20-N-

Q2 and SHC-30-N-Q2 was 2.1 and 1.2 mm respectively. Figure 4.7 depicts load-

displacement curves for the two specimens. More discussion details about this 

figure are given in chapter 6. Figure 4.8 shows specimens SHC-20-N-Q2 and 

SHC-30-N-Q2 after separation. 

 

Figure 4.7: Load-displacement Curve for specimens SHC-20-N-Q2 and                 

SHC-30-N-Q2 

 

Figure 4.8: Specimens SHC-20-N-Q2 and SHC-30-N-Q2 after separation. 
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4.5. Group 4: LHC-20-N-S0, LHM-20-N-S0 and LHUL-20-N-S0 

The behaviour of the grouted connection subjected to normal force and 

different arrangement of shear keys was examined. At displacement of 

approximately 40 mm, the loading can be stopped since it is obvious from the L-

D diagram that applied load decreases almost to the zero and the specimen fails. 

The ultimate load for specimens LHC-20-N-S0, LHM-20-N-S0 and LHUL-20-N-

S0 were 5275.6 KN, 4546.1 KN and 4985.6 KN respectively. At the ultimate load, 

the relative displacement between the pile and sleeve for LHC-20-N-S0, LHM-

20-N-S0 and LHUL-20-N-S0 were 3.8 mm, 7.3 mm and 6.7 mm respectively. As 

shown in figure 4.9, the curve consist of an initial stiff response branch follow by 

a gradual softening of the curves. All specimens in this group had not any sudden 

dropped during the loading. Figure 4.10 shows the specimens after the reversible 

load test. 

 

 

Figure 4.9: Load-displacement Curve for specimens LHC-20-N-S0, LHM-20-N-S0 

and LHUL-20-N-S0.  
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Figure 4.10: Specimens LHC-20-N-S0, LHM-20-N-S0 and LHUL-20-N-S0 after 

separation. 
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4.6. GROUP 5: LHC-20-N-C40, LHM-20-N-C40 AND LHUL-20-N-C40 

 

      The behaviour of the grouted connection subjected to combined load and 

different arrangement of shear keys was examined. The ultimate load for 

specimens LHC-20-E-C40, LHM-20-E-C40 and LHUL-20-E-C40 was 3567.6 

KN, 2909.8 KN and 2934.7KN respectively. At the ultimate, the relative 

displacement between the pile and sleeve for LHC-20-N-C40, LHM-20-N-C40 

and LHUL-20-N-C40 was 8.0 mm, 4.0 mm and 6.5 mm respectively. As shown 

in figure 4.11, the curves consist of an initial stiff response followed by a gradual 

softening of the curves. All specimens in this group had not suddenly dropped 

during the loading. Figure 4.12 shows the specimens after the test and after the 

reversible load test. 

 

Figure 4.11: Load-displacement Curve for specimens LHC-20-E-C40, LHUL-20-E-C40 

and LHM-20-E-C40. 
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Figure 4.12: Specimens LHC-20-N-C40, LHM-20-N-C40 and LHUL-20-N-

C40 after the main test and after separation. 
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4.7. Group 6: LFC-20-N-S0 

The behavior of the grouted connection subjected to concentric load and 

different relative locations of shear keys (face to face) was examined. The ultimate 

load for this specimen was 4461.4 KN. At the ultimate, the relative displacement 

between the pile and sleeve for LFC-20-N-S0, was 3.5 mm. This specimen had 

not any sudden drop during the loading. As shown in figure 4.13, the curve 

consisted of an initial stiff response followed by a gradual softening of the curves. 

Figure 4.14 shows the specimens after the reversible load test. 

 

Figure 4.13: Load-displacement Curve for specimens LHC-20-N-S0 and LFC-20-

N-S0. 

 

Figure 4.14: Specimens LFC-20-N-S1 after separation. 
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4.8. Result of reversible load test 

This test was conducted in order to study the behaviour of the grouted 

connection after reach the maximum capacity and displacement in the opposite 

direction. Furthermore, this test help in separate the pile from the sleeve easily. 

After the specimens had reached the final displacement, the specimens were 

overturned and were tested again. Additional two steel tube were used to increase 

and extend the pile and sleeve. The two steel tube have the same dimensions as 

the pile and sleeve. Figure 4.15 illustrates the shape of the additional two steel 

tubes. 

 

Figure 4.15: Additional cylinder tube. 
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When the load was reapplied for the load reversal test, there was a resistance 

to slip. This resistance depending on the status of the grout after the final 

displacement.  Normally, the grout material between the pile and sleeve forms a 

compression struts between the shear keys. These compression struts were totally 

damage at final displacement and the parts between the compression struts in the 

grout material normally have no damage. After the reverse test, these parts were 

totally destroyed as shown in figure 4.16. Moreover, the specimens reached about 

20 % of the maximum capacity of the connection as shown in figures 4.17 and 

4.18. It is worth drawing attention to the reversible test that the specimen SHC-

20-N-S0 with grout S2 Docurit has more capacity than specimen SHC-20-N-Q0 

with M3Q.  

A 

B  

Figure 4.16: The specimens after revisable test (A for SHC-20-N-S0 and B for 

SHC-20-N-Q0). 
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Figure 4.17: Load-displacement curve for the main tests and reverse tests. 

 

Figure 4.18: Load-displacement curve for reverse test for specimens SHC-20-N-S0, 

SHC-20-N-Q0 and SHC-30-N-Q1. 
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4.9. Material test 

Reference tests have been done to control the quality of the mix and to make a 

comparison with other previous studies. As a general observation, some specimens for 

S2 max have dark colour as shown in figure 4.19. It can be inferred from observation that 

this dark colour may come from the unburnt coal contained in silica fume. Although 

silica fumes can be treat and all coal percentage can be burned, this treatment is very 

expensive. In addition, homogeneity of the product can vary from one amount to others.  

 

Figure 4.19: The dark colour on some reference test. 

Moreover, it was observed that there was a micro cracking in the interface zone for 

specimens with S2 more than M3Q. According to Ma 2004, this micro cracking comes 

because of the difference in thermal and mechanical properties between aggregate and 

cementitious matrix. In addition, the lengths of these micro cracks are proportional with 

the grain size of aggregates. This means that M3Q mix has less difference in thermal and 

mechanical properties between aggregate and cementitious matrix than S2. Moreover, 

the aggregates in S2 are bigger than inM3Q since M3Q uses sand. Figure 4.20 shows the 

difference between M3Q and S2 regarding to micro cracking in the interface zone for 

specimens. 
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Figure 4.20: The difference between M3Q and S2 regarding to micro cracking in 

the interface zone. 

As it was mentioned, reference tests were performed for quality assurance of mix 

consistency and to compare the results from this reference test to previous work. 

Reference tests divided to testing of fresh grout by slump cone test and testing of 

hardened grout by compressive strength test, direct tensile test, splitting tensile test and 

flexural strength test. 

4.9.1. Testing of Fresh Grout 

The quality of the fresh concrete behaviour was tested by two parameters:  Slump 

life and Initial slump.  Slump  life describes  the  behaviour  of  the  grout  over  time 

while initial slump used as an indication of the flowability achieved by the  

superplasticizer type. Table 4.2 shows the average value of the slump-flow and t500 time 

for all mixes. It is clear from the results of slump cone test that the mix of M3Q as well 

as S2 satisfied the demands on self-compacting grout.  
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Table 4.2: The average value of the slump-flow and t500 time for all mixes. 

Group Mix Specimen code Slump flow 

(mm) 

t500 (s) Temperature 

C◦  

Initial Test Mix A 

 

-------------- 860/855 6.0 28.4 

Mix B 

 

-------------- 925/955 6.75 27.5 

Group 1 M3Q, 0% SHC-20-N-Q0 835/830 7.25 26 

S2 SHC-20-N-S0 905/900 6.65 25.1 

Group 2  M3Q, 1% SHC-20-N-Q1 810/820 6.45 25.7 

SHC-20-E-Q1 

SHC-30-N-Q1 

Group 3 M3Q, 2% SHC-20-N-Q2 780/750 12.68 25.00 

SHC-20-N-Q2 

Group 4 S2 LHC-20-N-S0 885/890 4.28 24.10 

LHM20-N-S0 

LHUL-20-N-S0 

Group 6 S2 LFC-20-N-S0 850/880 6.00 25.00 

 

4.9.2. Testing of hardened Grout  

As it was mentioned, the hardened properties of grouts are very important for their 

successful use. A compressive strength test, direct tensile test, splitting tensile test and 

flexural strength test were conducted as reference tests for the main program. The 

hardened concrete tests are mainly checked to ensure the mechanical behavior of the 

grout and its durability. 
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4.9.2.1. Compressive Strength and Elastic Modulus 

In grouted connection, the compressive strength appears as the most significant 

hardened property since it is used in all empirical design equations and discussion. In 

addition to compressive strength vital in itself in grouted connection standards, it can be 

related to many other properties, which can be difficult to measure directly such as elastic 

modulus and durability. The addition of fibers generally increases the ductility but this 

does not mean absolutely it increases the ultimate strength of UHPC. According to (Yoo 

et al. 2013, 2017), adding steel fibers to UHPC can lead to positive and negative 

influences on the compressive strength. This influence depends mainly on the fiber 

dispersion. As shown in table 4.3, adding steel fiber to UHPC has a negative influence 

on the compressive strength while it has a positive influence on elastic modulus, flexural 

Strength, splitting tensile strength and direct tensile strength. The UHPC M3Q fails 

explosively with high sound in the compression test and it completely destroyed while 

S2 fails without high sound and not completely destroyed as shown in figure 4.21. 

Although adding fibers leads to a decrease of  the compressive strength, it improved post-

cracking behaviour. Figure 4.22 shows the stress-strain curve for compressive strength 

test for C40, S2, M3Q 0%, M3Q 1% and M3Q 2%. Table 4.3 shows the test results of 

hardened concrete properties. The measured strain at the peak stress for C40, S2, M3Q 

0%, M3Q 1%, and M3Q 2% is 4.2‰, 5 .1‰,  6,8 ‰, 6.5‰ and 6.0‰ respectively 

 

 Figure 4.21. Failure pattern of compression test for UHPC M3Q and S2.   
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Figure 4.22: The stress-strain curve for compressive strength test for C40, S2, 

M3Q 0%, M3Q 1% and M3Q 2%. 
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Moreover, Compressive strength for grout can be measured in either cubes or 

cylinders. Harwood and Tebbett, 1981 have proved in their program test that the cylinder 

strength can vary between 80 and 90% of the cube strength for tests on neat cement 

grouts. For S2, both cubes and cylinders were tested. The test result shows that the 

cylinder strength for S2 amounted to 92 % of the cube strength. 

4.9.2.2. Direct tensile strength of unnotched prisms 

It is well known that the tensile strength of grout affects both resistance to cracking 

and shear capacity. It is very important with respect to the appearance and durability of 

the connection. The homogeneity of the concrete matrix and the distribution of steel 

fibers play a great role in locating the dominant crack and the position of the failure. At 

the date of tests, the grout age of all specimens was 28 days. Figure 4.23 shows the 

dominant crack positions for the unnotched prisms without and without fiber. The results 

show that the tensile strength increase as the fiber ratio is increased, which is in 

agreement with previous work of (Ismail 2014, An 2017). Figure 4.24 shows the load-

displacement curve for direct tensile tests for C40, S2, M3Q 0%, M3Q 1% and M3Q 2%.  

 

 

 

Figure 4.23: Dominant crack for the different mixes. 
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Figure 4.24: Load-displacement curve for direct tensile test for C40, S2, M3Q 0%, 

M3Q 1% and M3Q 2%. 
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4.9.2. Splitting tensile strength 

To determine the splitting tensile strength, three cylinders of 150 mm x 300 mm 

were used according to DIN EN 2390-6: 2010. As shown in table 4.3, adding fiber to 

UHPC leads to a significant increase of splitting tensile strength. As shown in figure 4.25, 

the failure modes of UHPC and S2 specimen without fiber had a different shape, it was 

splatted into two parts while specimens with fibers were not split into two parts, they had 

just a small crack in the middle. These results correspond to (A. Hoang 2018) results. 

The average splitting tensile strength for S2 was higher than for UHPC M3Q. 

 

 

 

Figure 4.25: Splitting test shape for S2, M3Q, 0% and M3Q, 1%. 

4.2.1.1. Direct tensile strength of notched prisms 

This test was carried out according to (Leutbecher 2008).  Six notched prisms of 

40x40x80 mm3 were used to determine the fiber efficiency of UHPC with fibers. As 

shown in figure 4.26, the behavior of M3Q with steel fibers in tension is linear elastic up 

to the crack stage and it behaves in different ways according to the steel fiber volume. 

M3Q with steel fiber volumetric ratios of 1 and 2 % show a hardening followed by 

softening behavior. However, the main issue here is the distribution and orientation of 

the steel fibers in the grouted connection because the distribution and orientation of the 

steel fibers in small size prisms may not agree with that in grouted connection.  
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Figure 4.26: Direct tensile strength test of notched prisms. 

4.2.1.2. Flexural strength test 

It can be seen from table 4.3 that M3Q mix shows higher flexural strength than S2 

while M3Q with 1 % fiber has about the double value of M3Q without fiber, which means 

that adding fiber to UHPC has significant effect on the flexural strength. 

Table 4.3: Test results of hardened concrete properties. 

Grout Compressive 

 cstrength f 

(MPa) 

Elastic 

cmodulus E 

(MPa) 

Flexural 

Strength Test 

(Mpa)  

Splitting 

tensile 

splstrength f 

(MPa) 

Direct tensile 

strength 

(MPa) tf 

S2 121.80 44.10 11.00 4.89 5.00 

M3Q, 0% 193.70 47.10 13.50 3.70 8.20 

M3Q, 1% 172.60 47.40 25.50 10.61 9.10 

M3Q, 2% 160,6 47,9 --- --- 8.4 

C40 36.3 30.3 6.3 3.03 3.7 
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4.10. Stresses in Steel Part 

The hoop and longitudinal stresses in the sleeve and the pile might cause yielding of 

the steel, which has a significant effect on the grouted connection capacity. In the 

structural analyzing, the strain gauge is used to measure the stress in the material and 

then the prediction of the material safety can be obtained. The failure mechanisms and 

the behaviours of the pile and sleeves can be evaluated based on the strain results. Thirty-

six strain gauges were installed in both the axial and hoop direction and placed at 120o 

spacing around the sleeve and pile perimeter for the short connection specimens. Strain 

gauges were installed close to the shear keys in both the axial and hoop direction and 

placed at 120o spacing around the sleeve and pile perimeter. Figure 4.12 shows the 

longitudinal strains near the locations of the shear-keys of the steel tubes at ultimate 

strength states. 

 The elastic-plastic analysis method, which was proposed by S. Zhang 2005 can be 

used to investigate the stress state of steel tube in the grouted connection by converting 

the values of strains into values of stress. The confinement of the grout plays a great role 

in the ultimate strength so it is very important to know if the steel part has yielded or not. 

The Von Mises yield criterion is used to define the yield point of the steel tube as shown 

in equation 4.1 according to the elastic-plastic analysis. 

√𝜎𝑣
2 + 𝜎ℎ

2 − 𝜎𝑣𝜎ℎ        = 𝑓𝑦                                                                                  (4.1)                                                                                                                                                                                              

Where 𝜎𝑣 and 𝜎ℎ are the longitudinal and hoop stress of the steel tube respectively.  

Figure 4.27 shows the equivalent stress-strain relationship curve, which seems to be 

similar to the one-way stress-strain relationship curve. This curve is divided into three 

zones: elastic zone (oa), elastic-plastic zone (ab) and plastic hardening zone (bc). The 

stresses in the steel part can be computed using the measured strains for these three zones. 

 

Figure 4.27: The equivalent stress-strain relationship curve. (S. Zhang et al 2005) 
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Elastic Zone 

Based on Hooke’s law, the stress-strain relationship of steel can be obtained in this zone. 

Equations 4.2 and 4.3 show the stress-strain relationships. 

𝜎𝑣 = 𝐸𝑠

1−µ𝑠
2 (𝜀𝑣 + µ𝑠𝜀ℎ)                                                                                (4.2) 

𝜎ℎ = 𝐸𝑠

1−µ𝑠
2 (𝜀ℎ + µ𝑠𝜀𝑣)                                                                                (4.3) 

Where 𝐸𝑠s and µ𝑠 are Young’s modulus and Poisson’s ratio of the steel parts and 𝜀𝑣 and  

𝜀ℎ are the measured longitudinal and hoop strains of the steel part from the test. The 

values of longitudinal and hoop stresses during each step in the test can be obtained from 

the difference subtraction of the strain measured value at the previous step and the current 

step as shown in equations 4.4 and 4.5. 

𝜎𝑣 = ∑ 𝛥𝜎𝑣𝑖
𝑘
𝑖=0 =  ∑  𝐸𝑠

1−µ𝑠
2 (𝜀𝑣(𝑖+1) − 𝜀𝑣𝑖  +  µ𝑠(𝜀ℎ(𝑖+1) − 𝜀ℎ𝑖 ) 𝑘

𝑖=0                             (4.4)                                     

𝜎ℎ = ∑ 𝛥𝜎ℎ𝑖
𝑘
𝑖=0 =  ∑  𝐸𝑠

1−µ𝑠
2 (𝜀ℎ(𝑖+1) − 𝜀ℎ𝑖  + µ𝑠(𝜀𝑣(𝑖+1) − 𝜀𝑣𝑖 ) 𝑘

𝑖=0                             (4.5)                          

The limits of the elastic and the elastic-plastic stages of the steel parts are 

determined based on the observation of the equivalent stress versus the equivalent 

strain curve in figure 4.27. The equivalent stress versus the equivalent strain curve 

is derived from the values𝜎𝑣, 𝜎ℎ, 𝜀𝑣 and 𝜀ℎ   respectively as shown in equations 

4.6 and 4.7. 

𝜎− =  √2

2
√(𝜎𝑣 −  𝜎ℎ)2 + 𝜎𝑣

2 + 𝜎ℎ
2                                                                                                           (4.6) 

𝜀− =  √2

2(1+𝜇)
√(𝜀𝑣 −  𝜀ℎ)2  + 𝜀𝑣 

2 + 𝜀ℎ 
2                                                                                          (4.7) 

4.10.1. Stresses in short connections 

Table 4.4 shows the stresses in the steel part calculated from the strain gauge and 

compared with 0.8 fy. It is very clear that all strain gauge give stresses less than 0.8 fy , 

which mean that the steel part did not yield at any point of the strain gauges poisons. 

Consequently, the failure of the connection was due to the failure of the grout material. 
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Table 4.4: The stresses in the steel part calculated from the strain gauge for SHC-20-N-Q0. 

Connection 
part 

Strain 
gauge  

Maximum 
value 

(µm/m) 
(MPa)v σ (MPa)h σ (MPa) -σ (MPa)y 0.8f 

Sleeve 

VS11  -154.67 
-2.86 98.75 100.21 284.00 

HS11  474.32 

VS12  -391.06 
-52.35 99.25 133.37 284.00 

HS12 547.41 

VS13  -584.77 
-110.78 40.08 135.34 284.00 

HS13  349.11 

VS21  -204.08 
-9.29 111.91 116.83 284.00 

HS21 546.15 

VS22 -370.82 
-44.55 111.06 138.81 284.00 

HS22  592.51 

VS23  -596.62 
-111.57 45.73 140.15 284.00 

HS23  377.13 

VS31  -165.44 
-3.41 104.44 106.19 284.00 

HS31  502.21 

VS32  -364.93 
-45.72 103.05 131.99 284.00 

HS32  556.04 

VS33  -498.12 
-88.81 52.66 123.84 284.00 

HS33  377.63 

Pile 

VP11  -910.94 
-229.26 -126.54 198.90 284.00 

HP11  -275.07 

VP12 -214.53 
-84.71 -132.20 115.99 284.00 

HP12  -508.52 

VP13  -113.69 
-41.45 -58.57 52.16 284.00 

HP13  -219.70 

VP21 -693.38 
-176.53 -103.08 153.60 284.00 

HP21  -238.67 

VP22  -157.33 
-74.96 -139.74 121.13 284.00 

HP22  -558.36 

VP23 -93.95 
-37.32 -58.62 51.39 284.00 

HP23  -225.83 

VP31  -798.89 
-196.42 -95.51 170.13 284.00 

HP31 -174.19 

VP32 -219.09 
-82.64 -122.12 107.94 284.00 

HP32 -463.45 

VP33 -80.91 
-32.64 -52.16 45.64 284.00 

HP33 -201.74 
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4.10.2. Stresses in long connections  

    Long connection tests were conducted for groups 4, 5 and 6 to investigate the 

behaviour of the grouted connection with a different arrangement of shear keys 

with concentric and eccentric loading. LHC-20-N-S0, LHM-20-N-S0, and LHUL-

20-N-S0 were tested for a different arrangement with concentric loading. Table 

4.5, 4.6 and 4.7 show the stresses in the steel part calculated from the strain gauge 

for LHC-20-N-S0, LHM-20-N-S0, and LHUL-20-N-S0 respectively. As shown 

in these tables, the strain gauges for LHC-20-N-S0 give stresses more than 0.8 fy   

between shear keys (3 and 4), (4 and 5) and (below shear keys 5) in the sleeve. 

Moreover, the part above the first shear key in the pile yielded which means that 

the steel part in the upper point of the pile and at the bottom of sleeve yielded. For 

the pile in LHM -20-N-S0 did not yield and all stresses along with the pile less 

than 0.8 fy. Furthermore, the stresses concentrated at the bottom and upper part of 

the sleeve and pile in specimen LHUL-20-N-S0. More details and discussion 

about the stresses in the steel part will be presented in chapter 6.  It can be inferred 

from tables 4.5, 4.6 and 4.7 o that the maximum stresses at ultimate load for 

arrangement C  were in the upper part of the pile and bottom part of the sleeve 

while the maximum stresses for shear keys arrangement M were only at the sleeve. 

For arrangement UL, the maximum stresses at the ultimate load were at the upper 

and bottom part of both the sleeve and pile.  
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Table 4.5: The stresses in the steel part calculated from the strain gauge for LHC-20-N-S0. 

Connection 
part Strain 

gauge 

Maximum 
value 

(µm/m) σv (MPa) σh (MPa) σ- (MPa) 0.8fy (MPa)  

Sleeve 

VS11 -374.38 -24.59 180.11 193.58 284.00 
HS11 892.81 

VS12 -741.3 -95.21 201.56 262.45 284.00 
HS12 1095.8 

VS13 -1063.1 -175.84 158.05 289.29 284.00 
HS13 1003.8 

VS14 -1333.7 -252.93 90.51 308.31 284.00 
HS14 792.3 

VS15 605.71 59.94 -224.19 259.41 284.00 
HS15 -1153.2 

VS25 -1472.3 -303.83 17.85 313.13 284.00 
HS25 519.03 

VS45 -1308.7 -257.64 57.30 290.56 284.00 
HS45 640.93 

VS35 -1466.8 -297.83 34.01 316.20 284.00 
HS35 587.4 

Pile 

VP11 -1876.7 -438.77 -148.88 386.47 284.00 
HP11 -82.14 

VP12 -1081.4 -297.28 -233.94 271.21 284.00 
HP12 -689.33 

VP13 -630.88 -199.60 -223.72 212.69 284.00 
HP13 -780.21 

VP14 -189.28 -88.09 -161.14 139.75 284.00 
HP14 -641.47 

VP15 -159.18 -58.49 -83.53 74.25 284.00 
HP15 -314.23 

VP21 -2366.3 -551.89 -183.22 486.86 284.00 
HP21 -84.06 

VP41 -2131.9 -493.27 -151.90 437.56 284.00 
HP41 -18.67 

VP31 -1910 -458.39 -190.98 398.82 284.00 
HP31 -254.57 
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Table 4.6: The stresses in the steel part calculated from the strain gauge for LHM-20-N-S0. 

Connection 
part Strain 

gauge 

Maximum 
value 

(µm/m) (MPa) vσ (MPa) hσ (MPa) -σ (MPa) y0.8f 

Sleeve 

VS11  43.61 

92.82 278.86 245.96 284.00 HS11  1195.3 

VS12  -948.49 

-159.49 132.33 253.08 284.00 HS12  857.96 

VS13  -886.55 

-150.04 120.47 234.73 284.00 HS13  787.99 

VS14  -1162.7 

-222.95 70.74 265.48 284.00 HS14  655.34 

VS15  -1049 

-210.81 31.60 228.26 284.00 HS15  451.62 

VS25  -1231.6 

-253.02 18.73 262.88 284.00 HS25  450.66 

VS45  -1124 

-225.58 34.87 244.88 284.00 HS45  488.3 

VS35  -1245.1 

-254.10 24.56 267.23 284.00 HS35  479.96 

Pile 

VP11  -1315.3 

-347.11 -236.33 307.09 284.00 HP11  -629.51 

VP12  -385.18 

-148.87 -226.62 199.45 284.00 HP12  -866.45 

VP13  -461.2 

-137.96 -137.02 137.49 284.00 HP13  -455.38 

VP14  64.54 

-20.64 -113.98 105.19 284.00 HP14  -513.27 

VP15  1.262 

-18.52 -62.62 55.72 284.00 HP15  -271.73 

VP21  -1729.2 

-452.32 -297.29 398.13 284.00 HP21  -769.5 

VP41  -1794.7 

-461.04 -280.50 402.39 284.00 HP41  -677.08 

VP31  -1479.3 

-377.31 -222.20 328.48 284.00 HP31  -519.08 
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Table 4.7: The stresses in the steel part calculated from the strain gauge for LHUL-20-N-S0. 

Connection 
part Strain 

gauge 

Maximum 
value 

(µm/m) (MPa) vσ (MPa) hσ (MPa) -σ (MPa) y0.8f 

Sleeve 

VS11  507.72 

222.95 387.77 337.07 284.00 HS11  1528 

VS12  -1267.9 

-193.81 241.51 377.75 284.00 HS12  1426.9 

VS13  -1120.1 

-173.94 204.27 327.89 284.00 HS13  1221.2 

VS14  -1232.4 

-229.73 96.93 290.58 284.00 HS14  789.74 

VS15  -1299.5 

-270.68 7.40 274.45 284.00 HS15  421.91 

VS25  -1501.1 

-314.81 1.42 315.52 284.00 HS25  456.48 

VS45  -1364.8 

-285.76 2.84 287.19 284.00 HS45  421.76 

VS35  -1574.2 

-330.29 0.96 330.78 284.00 HS35  476.43 

Pile 

VP11  -2322.8 

-529.83 -140.14 475.51 284.00 HP11  89.58 

VP12  961.76 

128.61 -244.54 328.31 284.00 HP12  -1348.2 

VP13  -750.66 

-244.78 -290.47 270.53 284.00 HP13  -1033.5 

VP14  -138.22 

-82.09 -176.88 153.31 284.00 HP14  -725.01 

VP15  -62.89 

-34.63 -71.41 61.85 284.00 HP15  -290.57 

VP21  -1992.9 

-476.04 -191.77 414.85 284.00 HP21  -233.13 

VP41  -2139.9 

-498.05 -162.25 439.97 284.00 HP41  -61.12 

VP31  -1971.9 

-460.37 -154.25 405.86 284.00 HP31  -76.83 
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4.11 The quantitative ultimate ductility and elastic stiffness for the 

connection specimens 

The ductility of the grouted connection is a very important characteristic since it can 

provide signs of failure and prevents total collapse. It can be defined as the ability of the 

connection to undergo considerable deflection prior to failure. The evolution of the 

connection specimens in chapter 6 was analysed according to the elastic stiffness, the 

ultimate displacement and the ultimate ductility. There is a common approach, which can 

be used to define the ultimate ductility with a bilinear envelope as shown in figure 4.22.  

 

Figure 4.28: Definition of an equivalent bilinear envelope (Magenes1997). 

 

In this figure, there are some parameters that can be defined as follows: the elastic 

stiffness kel is obtained from drawing the secant to the experimental envelope at 0.75 

Vmax and the ultimate displacement δu can be evaluated as the displacement 

corresponding to strength degradation of 20% of Vmax. For Vu can be found by ensuring 

that the areas under the equivalent bilinear curve are equal to the areas under the 

experimental envelope curve. The value of Vmax is equal to the maximum load of the 

experimental test. Once the elastic stiffness Kel and the value of Vu are known,  the elastic 

displacement δe can be evaluated as δe = Vu/Kel. Subsequently, the ultimate ductility can 

be obtained as μu= δu/ δe. 
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Table 4.8 shows the calculations of ultimate ductility and elastic stiffness for the 

specimens. The result of this table indicates that the specimens SHC-20-N-Q0 has the 

most ultimate ductility for the short connection while the specimen SHC-30-N-Q1 has 

the lowest ultimate ductility.   For the long connection, specimen LHM-20-N-S0 has the 

most ultimate ductility for group four while specimen LHUL-20-E-C40 has the most 

ultimate ductility for group five. 

Table 4.8: The ultimate ductility and elastic stiffness for the connection specimens 

Specimen 
Max Pu 

(KN) 
δ0.75 

(mm) 

Kel 

(KN/mm) δe (mm) δu (mm) μu 

SHC-20-N-Q0 
2428.7 0.71 2565.53 0.85 6.72 7.89 

SHC-20-N-S0 
2410.1 0.88 2054.06 1.06 8.13 7.70 

SHC-20-N-Q1 
2570.4 0.79 2440.25 0.95 6.21 6.55 

SHC-20-E-Q1 
2885.7 1.36 1591.38 1.63 10.00 6.13 

SHC-30-N-Q1 
2039.4 0.64 2389.92 0.77 1.42 1.85 

SHC-20-N-Q2 
2540.8 0.77 2474.81 0.92 6.02 6.52 

SHC-30-N-Q2 
2465.1 0.76 2432.66 0.91 3.85 4.22 

LHC-20-N-S0 
5275.6 1.88 2104.63 2.26 7.64 3.39 

LHM-20-N-S0 
4546.1 1.73 1970.85 2.08 12.96 6.24 

LHUL-20-N-S0 
4985.6 2.55 1466.35 3.06 11.10 3.63 

 LHC-20-E-C40 
3567.6 2.48 1078.91 2.98 20.59 6.92 

 LHM-20-E-C40 
2909.8 

1.86 1173.31 2.23 14.20 6.36 

 LHUL-20-E-C40 
 2934.7 

2.01 1095.04 2.41 29.92 12.40 

 LFC-20-N-S0 
 4461.4 1.52 2201.35 1.82 7.65 4.19 
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CHAPTER 5 

FINITE ELEMENT MODELING 

 

5.1. Overview 

No doubt that experimental testing plays an important role in understanding the 

behaviour of the grouted connection but it is quite expensive and it takes a long time, 

particularly for the grouted connection with full scales and a wide range of grout strengths 

or pile and sleeve with a wide range of steel yield strengths. Therefore, the need of 

numerical models describing the behaviour of the grouted connection with wide range 

parameters is increased. Efforts on modeling of grouted connection by numerical analysis 

have been reported in many literatures e.g., Andersen 2004, Nielsen 2007, Fehling 2013, 

Löhning 2013, Kim 2014, Hung Lin 2015, Lee 2017 and Chen 2018. This chapter 

provides the documentation of numerical modelling of grouted connections for the 

experimental tests using ATENA program and GiD. One of the aims of the test program 

in chapter 3 was to provide experimental data for the calibration of the FEM model. The 

numerical model included all elements of the grouted connection, i.e.:  pile, sleeve, grout 

and grout- steel part interface contact.  After the comparison between the test result and 

ATENA GID result, the ATENA results were used for inverse analysis to find 

appropriate parameters, which may affect the capacity of the grouted connection. The 

main analyses were performed using stresses at shear keys and diagonal struts. 

5.2. ATENA-GiD 

 

ATENA-GiD is a finite element based software system and it was developed for the 

nonlinear analysis in structural engineering. Figure 5.1 shows the ATENA program 

environment. There are two main products of ATENA: the first one is ATENA 

Engineering, which contains ATENA 2D and ATENA 3D for static analysis of structural 

reinforcement detailing. The second product is ATENA Science, which can be used for 

different advanced analysis types such as Statics, Dynamics, Creep and Transport 
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problems. ATENA Science mainly depends on GID program for pre-processing. 

ATENA has several material models for example (CC3DCementitious, 

CC3DNonLinCementitious, CC3DNonLinCementitious2, CC3DNonLinCementitious2Variable, and 

CC3DNonLinCementitious2Use). In ATENA-GID software, the user can define his own 

material model by using the ''CC3DNonLinCementitious2user'' material model. In 

CC3DNonLinCementitious2user several laws can be redefined as Tensile and post 

cracking softening behavior, Compression behavior , Effect of lateral compression on 

tensile strength,  Effect of lateral tensile strain on the compression capacity, Post cracking 

shear strength and Post cracking shear stiffness). This model is suitable for UHPC while 

for HPC it has well defined material models in ATENA, which can be modeled by 

CC3DNonLinCementitious2. According to ATENA experience, HPC differs from 

typical concrete by higher E, fc, and Gf, so it may be better to use normal Cementitious2 

and only modify those parameters. 

 

Figure 5.1: ATENA program environment (Jan Červenka 2019) 

As any FE software, the modelling in ATENA consists of pre-processing, run and post-

processing. Preprocessing can be done using ATENA 3D or using a help program like 

GID program while post-processing can be done by ATENA Studio or GID. Grouted 

connection is a complex modell, therefore, the modelling process of grouted connection 

consists of 8 steps:  
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1- Drawing the geometry of the grouted connection 

2- Defining the materials  

3- loading system and conditions 

4- Setting problem data and monitoring points 

5- Generating the mesh for the element 

6- Run 

7- Extract the result 

8- analysing the result 

   5.3. Geometry 

The dimensions of the connection are shown in chapter 3. Figures 3.3 and 3.5. Figure 5.2 

shows the geometry of the grouted connection in GID. To save time and computing 

resources, only a quarter of the connection for concentric loading is modelled depending 

on the advantage of the symmetry of the connection geometry, loading conditions and 

model configuration. Loading and supporting steel plates on the pile and sleeve 

respectively are made from elastic material and it is assumed that there are no plastic 

deformation in the plates causes by the load level.  The top and bottom loading plates 

with blue color are connected to the pile and sleeve through fixed contacts (Master-

Slave). 

 

Figure 5.2: Geometry of the grouted connection in GID. 
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   5.4. Material Properties of the Model  

The main issue in modelling with ATENA-GID is to find the appropriate input material 

parameters to model UHPC. For example, the compression and tensile parameters must 

be determined properly. ATENA suggests special numerical models 

(CC3DNonlinCementitious2User) for UHPC specifics such as high toughness, ductility 

and shape of the tensile softening branch. This material enables the user to define his own 

laws in this fracture-plastic material model and it gives the opportunity to define the 

model in more detail. 

The most important parameters, which can affect UHPC modelling in ATENA are: 

 Tensile function (tensile stress-strain law)  

 Tensile strength 

 Compressive function (compressive stress-strain law) 

 fc Reduction-COMPRED (reduction of compressive strength due to cracks) 

The direct input of the tension function parameters can be got from the direct tensile test 

or by the empirical formula.  M3Q with steel fiber volumetric ratios of 1 and 2 % in direct 

tensile strength test of notched prisms show a hardening followed by softening behavior. 

However, the main issue here is the distribution and orientation of the steel fibers in the 

grouted connection because the distribution and orientation of the steel fibers in small 

size prisms may not agree with that in the grouted connection. 

The issue is to determine the material model for UHPC in tension and compression. HPC 

has well defined material models in ATENA (Ismail 2014), which can be model by 

CC3DNonLinCementitious2 or by CC3DNonLinCementitious2user. There are some 

steps which should be done to do modelling for HPC as following: 

1- Start with the initial setup of ATENA for HPC. 

2- Running the analysis 

3- Getting the load-displacement diagram from ATENA e.g. in a form of  excel file 

4- Comparison of the load-displacement diagram from ATENA and from the 

experimental test 
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5- If the difference between the two curves was within the user defined accuracy 

limits, the result can be accepted  

6- If the difference between the two curves was not within the user defined accuracy 

limits, the input parameters can be modified to achieve better results, and then 

again compare with the experimental test. This step can be repeated until the 

result is accepted. 

   5.4.1. Grout Modelling  

UHPC and HPC can be represented in ATENA by the material prototype 

CC3DNonLinCementitious2User that depends on the fracture-plastic model which uses 

two constitutive models for tensile (fracturing) and compressive (plastic) behavior to 

describe the behavior of concrete. The fracture model is based on the crack band model 

and the classical orthotropic smeared crack formulation and it based on the Rankine 

failure criterion. On the other hand, the hardening/softening plasticity model employs 

Menétrey-Willam failure surface. A return-mapping algorithm is used in this model for 

the integration of constitutive equations. 

 CC3DNonLinCementitious2User is developed from CC3DNonLinCementitious 

material model. According to (Cervenka et al. 2013, Pryl and Cervenka 2013), the 

combination of models for tensile (fracturing) and compressive (plastic) behaviour in 

“CC3DNonlinCementitious2User” material type enables the users to model concrete 

cracking and crushing under high confinement (Cervenka et al. 2013, Pryl and Cervenka 

2013). The confinement effect provided by the pile and the sleeve forced the grout to 

behave in triaxial compressive stress and the failure of the grout is dominated by the 

compressive failure surface. The hardening/softening plasticity model can describe the 

triaxial strength of grout in this case. This model includes the Haigh Westergaard 

coordinates as three independent stress invariants   ,,  and it employs them on the 

Menétrey-Willam failure. Menétrey-Willam failure surface equation p
PF3  is shown in the 

following equations: 
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In the above equations  er ,1   is the elliptic function, m is the friction parameter, fc and 

fct are the uniaxial compressive strength and the uniaxial tensile strength of the concrete 

core, respectively and   ,,  are Heigh-Westergaard coordinates as is mentioned. 

Three parameters can be found in the miscellaneous term when 

CC3DNonlinCementitious2User is defined and it defines the roundness of the failure 

surface. The e parameter is ranged between 0.5 and 1.0. In other word, the failure surface 

has sharp corners when the eccentricity has a value of 0.5 and the failure surface is fully 

circular around the hydrostatic axis when the eccentricity has a value of 1.0. According 

to (Papanikolaou and Kappos 2007), it can be derived from the ratio fbc/fc between the 

equibiaxial  fbc to the uniaxial compressive strength of concrete fc. In ATENA sofrtwere, 

it was assumed to be 0.50, 0.51 and 0.52 for UHSC, HSC and NSC respectively. 

5.4.1.1. Material model law for grout in compression 

In this material (CC3DNonLinCementitious2User), the compressive function describes 

the ductility of the grout. Regarding to the compressive stress-strain law for this material 

model, the softening law in compression is linearly descending and plastic strain εd define 

the end point of the softening curve.  Figure 5.3 shows the compressive stress-strain 

diagram. 

 

Figure 5.3: The compressive stress-strain diagram. (ATENA Theory 2018) 
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The meaning of the symbols in the above figure: 𝜎𝑐
𝑒𝑓

 is concrete compressive stress, 𝑓𝑐
,𝑒𝑓

 

is concrete effective compressive strength, ε is strain, εc  is a strain at the peak stress 𝑓𝑐
,𝑒𝑓

. 

Eo is the initial elastic modulus, Ec is the secant elastic modulus at the peak stress and εd 

defines the end point of the softening curve.   

CEB-FIP Model Code 90 recommends a formula for the ascending part of the concrete 

stress-strain law in compression which enables a wide range of curve forms from linear 

to curved.  

𝜎𝑐
𝑒𝑓

 = 𝑓𝑐
´𝑒𝑓

 
𝑘𝑥−𝑥2

1+(𝑘−2)𝑥
                                                                                                  (5.2) 

Where 𝑥 = 
𝑐
 , 𝑘 = 

𝐸0

𝐸𝑐
 , 

For the compression after peak stress, there are two models of strain-softening in 

compression, the first one based on local strain-softening while the second one based on 

dissipated energy. As it is shown in figure 5.3, the softening law in the compression part 

is linearly descending. 

 

5.4.1.2. Material model law for grout in tension 

The behaviour of grout in tension without cracks is assumed to be linear elastic and this 

linear ascending branch in tension before cracking continues up to the tensile strength fct. 

This means that the corresponding strain εct at fct can be calculated by the following 

equation: 

εct = 
𝑓𝑐𝑡 

𝐸𝑐
                                                                                                                       (5.3)                                                                                                                              

Fehling et al. 2014 suggested a formula to estimate the tensile strength fct for  HSC and 

UHSC as shown in equation 5.4 

𝑓𝑐𝑡= 0.3 (𝑓𝑐)2/3                                                                                                              (5.4)                                                                                                               

As it was mentioned, the main issue is to obtain tension function after cracking in 

ATENA-GID. Figure 5.4 shows the complete stress-strain of UHPC in tension and linear 

crack opening in tension.  
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Figure 5.4: Stress-strain diagram of the concrete core in tension. (Le Hoang 2018) 

For the descending branch of tension after cracking, the strain corresponding to zero 

stress cab be calculated according to equation 5.5 

εctu = 
𝑤𝑐𝑡 

𝑙𝑡
                                                                                                                     (5.5)                                                                                                                   
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where Lt  is the crack band size or the characteristic length and it equal to the size 

of the element projection in the crack direction while wct is a term which refers to 

the crack opening at the complete release of stress and it can be calculated 

according to equation 5.6. 

𝑤𝑐𝑡  = 
2.𝐺𝑓 

𝑓𝑐𝑡
                                                                                                         (5.6)                                                                                                           

The crack opening can be calculated once the fracture energy Gf is known. ( CEB-

FIP 2013) proposed an equation to calculate the fracture energy Gf in terms of the 

compressive strength fc as shown in equation 5.7. 

𝐺𝑓 = 73 𝑓𝑐
0.18                                                                                                   (5.7)                                                                                                       

The stress-crack opening relationship with the specific fracture energy Gf can 

represent the brittle tensile failure for HPC and UHPC without fibers. According 

to Fehling 2013, the specific fracture energy Gf can be assumed to be equal to 60 

N/m for the brittle tensile failure of the grout without fibers. 

Figure 5.5 shows an example of a user defined tensile behaviour for 

CC3DNonLinCementitious2User. The first part of this diagram presents usually 

the stress-strain constitutive law. When the diagram is entering into the softening 

regime, the strain is usually called the localization strain. The material law, which 

is assumed for the characteristic crack band width Lch, is adjusted to the actual 

crack band width Lt after exceeding the localization strain εloc. To set the 

characteristic size L_ch and localization strain (loc. onset) in this model, the char. 

size to the size of the strain gauge in the calibration experiment should be set and 

the localization onset should be set to the strain at peak stress. 
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Figure 5.5: An example of a user defined tensile behavior for 

CC3DNonLinCementitious2User material.  (ATENA Theory 2018) 

 

ATENA GID enables the user to display the tension function through opening the dialog 

for diagram input. Figure 5.6 shows the tension function in ATENA GID. It is clear from 

the figure that the post-peak behaviour and the shape of the diagram is governed by 

tensile function. 

 

Figure 5.6: The tension function in ATENA GID. 
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5.4.1.3. Effect of lateral tensile strain and compression on tensile 

strength 

The uniaxial capacity of the grout may be influenced by other simultaneous loadings in 

the lateral directions. It is well known, that the influence of lateral loading may be 

negative or positive.  Reduction-COMPRED (reduction of compressive strength due to 

cracks) describes how the strength is reduced when the grout is subjected to lateral 

tension. (Speck 2011) conducted an experimental test program to investigate the effect 

of lateral compression on the tensile strength of UHPC (M3Q-2.5) mix. Figure 5.7 shows 

the reduction of tensile strength due to lateral tension. Moreover, according to the 

developers experience, the reduction of compressive strength due to cracks can be 

deactivated by adjusting the function to value 1. 

 

Figure 5.7: Reduction of tensile strength due to lateral compression. (Speck 2011) 

 

The behaviour of the concrete is modelled as linear elastic up to the value of peak stress. 

According to (Fehling 2004) this value is about 4.2 % compressive strain. Figure 5.8 

shows the reduction of the compressive strength of UHPC due to lateral tensile strain 

(Fehling 2010) 
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Figure 5.8: Reduction of the compressive strength of reinforced UHPC panels due 

to lateral tensile strain. (Fehling 2010) 

 

5.4.1.4. Other input parameters 

Parameters as compressive strength, tension strength, poisson ratio and young´s modulus 

are directly put into the model but the main issue is to obtain tensile parameters as tension 

function. The values of the direct tensile test can be used directly for the input of the 

parameters into the material model but since the test is not performed very often and the 

preparation of test samples is complicated, empirical formulae or inverse analysis of the 

load-displacement diagrams can be used to identify parameters correctly in the material 

model. 

 

5.4.2. Steel parts modelling 

In ATENA GID model, a “CC3DBilinearSteelVonMises” model can be used to represent 

the steel part. This material model is  based on Von Mises plasticity model (J2 plasticity) 

due to the biaxial stress state of steel part in yield condition. The most important 

parameters for this material are the yield strength fy, the elastic modulus Ey and Poisson’s 
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ratio. Von Mises plasticity model is based on one parameter k and the yield function is 

defined as in the following equation: 

 

𝐹𝑝(𝜎𝑖𝑗) = √𝐽2 – k (𝜀𝑒𝑞
𝑝

)= 0                                                                                          (5.8)                                                                                        

Where is 𝐽2 the second invariant of stress deviator tensor and equal to : 

𝐽2 = 
1

6
 [ (𝜎1- 𝜎2)2 + (𝜎2- 𝜎23)2 + (𝜎3- 𝜎1)2 ]                                                                  (5.9)                                                                 

The second term of the equation is  the maximal shear stress (𝑘 (𝜀𝑒𝑞
𝑝

)) and it is equal to:  

𝑘 (𝜀𝑒𝑞
𝑝

) = √ 
1

3
  𝜎𝑦 (𝜀𝑒𝑞

𝑝
)                                                                                            ( 5.10) 

Where 𝝈𝒚 denotes the uniaxial yield stress and it controls the isotropic hardening of the 

yield criterion. The uniaxial yield stress is equal to :  

 

𝜎𝑦 (𝜀𝑒𝑞
𝑝

) = 𝜎𝑦 + H𝜀𝑒𝑞
𝑝

                                                                                              (5.11)                                                                                           

𝜀𝑒𝑞
𝑝

= ∑ √
2

3
(𝛥𝜀𝑝: 𝛥𝜀𝑝)

𝑁𝑖𝑛𝑐
𝑖=1                                                                                        (5.12)                                                                                 

Where H is the hardening modulus, 𝝈𝒚  denotes the yield stress, and 𝜀𝑒𝑞
𝑝

 denotes the 

equivalent plastic strain and it can be calculated as a summation of equivalent plastic 

strains during the loading history. 

When von Mises plasticity the plastic potential function is identical with the yield 

function: 

𝐺𝑝 (𝜎𝑖𝑗) = 𝐹𝑝(𝜎𝑖𝑗)                                                                                                    (5.13)                                                                                                     

More background information can be found in literatures for instance (CHEN, SALEEB 

1982). The steel parts have a Young’s modulus of 2.00×105 MPa, the yield strength 

355MPa and a Poisson’s ratio of 0.3. 
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5.4.3. Interface material between the grout and the steel parts 

In ATENA GID, The interface material model (CC3DInterface) can be used to simulate 

contact between the grout and the steel part. In ATENA GID, this material can be 

assigned to contact volumes in 3D modelling or contact surfaces in 2D modelling. In our 

case, the interface material was assigned to contact volumes. CC3DInterface interface 

material employs Mohr-Coulomb criterion with tension cut off. Figure 5.9 shows the 

failure surface for interface element according to Cervenka et al. 2013.  

 

 

Figure 5.9: Failure surface for interface element according to Cervenka et al. 2018 

 

As shown in equation 5.14, the constitutive relation for a general 3D-dimensional case is 

given as terms of tractions on interface planes and relative sliding and opening 

displacements. 
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                                                                                  (5.14)                                                                              

where τ1 and τ2 are shear stresses in direction x and y and  is the normal stress. v1 and 

v2 are relative displacements on the surface while u is the relative opening of contact. 

The Knn , Ktt are the initial elastic normal and shear stiffness respectively which can be 

calculated by dividing the minimal elastic modulus (E) and the shear modulus of the 

surrounding material (G) by the width of interface zone (t) relatively as shown in  

equations 5.15: 

t

G
K

t

E
K ttnn  ,                                                                                      (5.15)                                                                                   

 

 

Figure 5.10 shows a typical interface model behaviour in shear (a) and tension (b). In this 

figure, there are two additional stiffness values Knn(min), Ktt(min), which are important to be 

specified in the ATENA GID input. These stiffness values are used only in the case of 

numerical purposes after the failure of the element to preserve the positive definiteness 

of the global system of equations. In the case of grouted connection, the width of the 

interface zone (t) between the grout and the steel part is approaching to zero value. This 

means that, the Knn and Ktt get extremely high values. In other words, it will reach to 

infinity, therefore (Pryl and Cervenka 2013)  recommend an equation for the initial 

stiffnesses Knn and Ktt depending on the elastic modulus of concrete core Ec in Pa and 

finite element size of grout (s) in m. 

10.
s

E
KK c

ttnn                                                                                                     (5.16) 

It was also suggested by  (Pryl and Cervenka 2018) that these minimal stiffnesses  Knn(min), 

Ktt(min) can be about 0.001  times of the of initial stiffness Knn and Ktt, respectively. 
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Figure 5.10: Typical interface model behavior in shear (a) and tension (b)  

(Cervenka et al. 2018) 

As it was mentioned,  CC3DInterface interface material employs Mohr-Coulomb criterion 

and the initial failure surface corresponds to Mohr-Coulomb condition can be described 

by the following equations:  

0,   c                                                                                                (5.17) 
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where ft is the tensile strength on the surface and c is the interface cohesion. For the 

interface tensile strength ft,, it was recommended to follow this equation ft =1/2 to1/4.fct 

where fct tensile strength of the weaker material next to the interface. For the interface 

cohesion c, it was recommended to 1 to 2 ft. According to ACI 318-77, the coefficient of 

friction was assumed to be 0.7 for concrete placed against as-rolled structural steel while 

GL recommends that the coefficient of friction can be taken out of a range of μ = 0.3 – 

0.4. 

 

 5.5. Generating the mesh for the elements  

Many studies proved that the finite element mesh quality plays an important role in the 

quality of the analysis results and memory requirements.  Moreover, the finite element 

mesh quality plays an important role in the speed and the quality of the analysis results. 

Refining only the important parts can be the only solution for saving disk space and a lot 

of processor time. On the other hand, a bad mesh may produce very wrong results. It was 

recommended to use a minimum of 3-6 elements per grout thickness for at least 

qualitative results in bending. GL recommends that for numerical modelling, the steel 

parts layer shall consist of minimum two elements. The size of the finite element mesh 

is 0.01 m and the short model consists of 10.340 finite elements.  Figure 5.11 shows the 

generated structured mesh. According to previous work, three elements are 

recommended to use over the thickness of the grout and steel part. 3D solid brick 

elements (CCIsoBrick) was employed for the model and the global element size was 

determined to be 10 mm. 
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Figure 5.11: The generated structured mesh in GID. 

 

   5.6. Load Applications and Boundary Conditions 

Only a quarter of the connection for concentric loading is modelled therefore the 

symmetric boundary conditions should be applied to the quarter plane.  Interval data in 

ATENA - GID is the last part of the prepared model in pre-pressing. The load is applied 

in 50 steps with an interval multiplier 400. This means that each step contains the 

assigned load multiplied by 8 and the number of steps is based on the specific calculation. 

The prescribed displacement applied on four-point at the top plates above the pile is 0.01 

mm. The connection was fixed for all displacements at the bottom and boundary 

conditions were applied. Figure 5.12 shows the load conditions in GID. 
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Figure 5.12: The load and boundary conditions in GID. 

 

5.7. Monitor points 

Monitor points provide important data about the state of the element and it can be used 

to monitor various quantities not only in the post-processing but also during the analysis. 

For our case, it may be interesting to monitor the development of deflections at certain 

critical locations during the analysis. Four monitors can be used for monitoring loads and 

the displacement on the top plate as shown in figure 5.13. It may be useful to see the 

evolution of the applied load and deflections of the connection during the analysis. 

ATENA enables the user to do it and the progress of the load and deflection is available 

in the monitor points, which were already defined in the model. 
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Figure 5.13: The monitor points in GID. 

 

5.8. Calibration of the ATENA 3D material model 

Patch tests can be used to validate the material models and to verify the accuracy of the 

FE model in the prediction of the axial stress-strain curve and the Poisson's ratio for 

unconfined concrete cylinder. (Le Hoang 2017) used the experimental results of 

compression tests on NSC, HSC and UHPC cylinders of 100 mm× 300 mm which have 

been done by (Tue 2004). According to the test of Tue 2004, the compressive strengths 

of NSC, HSC and UHPC were reported as 36 MPa, 96 MPa and 174.2 MPa respectively. 

The comparison between Le Hoang 2017 and Tue 2004 is represented in figure 5.14 and 

figure 5.15, which show that there is a good agreement between ATENA-3D model and 

the test result that is means ATENA-3D can predict the stress-strain curves of unconfined 

concrete cylinders as well as can predict the lateral expansion of the concrete. 
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Figure 5.14: Verification of the axial loads-strain of the steel tube. (Le Hoang 2017) 

 

Figure 5:15 Verification of the Poisson's ratio of the unconfined concrete cylinder. 

 (Le Hoang 2017) 
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Aboubakr 2014 discussed the issue of calibration of ATENA 3D material model under 

biaxial loading to ensure that the material which has been defined by ATENA 3D 

program behaves in the same matter as the real material. Three simple patch test models 

were performed for this purpose. The speck failure curve for HPC under biaxial loading 

was used as a reference. The results of those models were compared with experimental 

results by Speck to make a setting for correction of ATENA material properties. For the 

three models it was concluded with a result that there was good agreement between Speck 

failure curve and modelling curve in compression-compression and in compression-

tension as shown in figure 5.16. As a conclusion, there is good agreement between 

ATENA program material behaviours and the experimental results. 

 

Figure 5.16: Calibration with properties which was used in the model.  

(Aboubakr 2014) 

 

   5.9. Result and Analysis 

Once ATENA model is verified, ATENA result can help not only in the prediction of the 

connection capacity but also the full load-deformation behaviour of the connection with 
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different combinations of loading. Figure 5.17 shows a comparison between the 

experimental test specimen LHC-20-N-S0 and ATENA model. The ultimate load from 

the test result is 5245 KN while the ultimate load from ATENA model is 5454 KN. As 

shown in figure 5.17, it is obvious from the comparison of results that there is a good 

agreement between ATENA model and the test result which means that ATENA can 

describe the behaviour of the long connection. 

 

Figure 5.17: Comparison between the experimental test and ATENA model for the 

long connection. 

For a short connection, figure 5.18 shows the comparison between the experimental test 

specimen SHC-20-N-S0 and ATENA model. The ultimate load from the test result is 

2410 KN while the ultimate load from ATENA model is 2170 KN. The difference 

between them is less than 10 %.  As shown in figure 5.17, it is obvious from the 

comparison of results that there is a good agreement between ATENA model and the test 

result which means that ATENA can describe the behaviour of the short connection. 

Moreover, it should be noted that the test shows hardening behavior after reaching the 

peakforce and at certain force drop while ATENA predicts softening after the peak. 

Additional comparisons for test LHM-20-N-S0 and LHUL-20-N-S0 with ATENA model  

are provided in appendix B. 
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Figure 5.18: Comparison between the experimental test and ATENA model for the 

short connection. 

Furthermore, figure 5.19 shows the comparison of the final crack in the experiment test 

and ATENA GID model. The cracks in both experiment test and numerical analysis are 

strongly localized and they have a good agreement.  

 

Figure 5.19: The comparison of the crack pattern in the experiment test and 

ATENA GID model. 
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Figure 5.20 shows a good agreement between the Von Mises stresses from FE model and 

from the strain gauges. For more details about the stresses in steel parts, Chapter 7 

discusses and analyses the stresses from strain gauges.  

     

Figure 5.20: Comparison between strain gauges and ATENA result for von Mises 

stresses. 

 

It can be inferred from FEM observation that the position of the diagram peak for the 

short and long connection is influenced by the interface material, compressive strength 

of the grout and yield strength of the steel part while the stiffness of the grouted 

connection is influenced mainly by the initial elastic shear stiffness Ktt and the initial 

elastic normal stiffness Knn in the interface material. The grouted connection exhibits 

elastic behaviour until the proportional elastic limit is reached. The proportional elastic 

limit for the grout according to the FEM is the point of the first crack. The crack appeared 

then it continued to propagate until failure. 

5.10. Stress Checks  

The design of grouted connection needs information knowledge about stresses at the 

shear keys as well as the stresses inside the grout, which can be easily got from the finite 

element analysis. As it was mentioned before, the compression struts with the truss 

analogy can describe the load transmission mechanism. Moreover, the stress checks can 

be carried out in the highly stressed region near the shear keys and for the middle region 

of the compression struts, therefore it can be carried out for local principal stresses at 
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shear keys, principal tensile stress and compression stresses. Figure 5.21 shows load-

displacement curve and principal stresses at different steps for short connection. 

   

 

   

 

    

 

Figure 5.21: Load-displacement curve and principal stresses at different steps for 

short connection SHC-20-N-S0. 
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Regarding to the compression stresses in the middle of strut, the principal stress in the 

middle at the ultimate load was about 80 MPa which is less than the uniaxial compressive 

stress. This is quite understandable because the maximum stresses in this region are 

reduced in comparison due to cracking. Based on the experiments on NSC and UHPC 

panels with cracks due to transverse tension, which were carried out by Fehling 2008, it 

is recommended to consider a minimum reduction factor of 0.5 fc for grout without fibers 

and 0.7 fc for grout with fibers.  

It is clear from the finite element model that local principal stresses at shear keys exceed 

the uniaxial compressive strength of grout at early steps as shown in figure 5.21. 

However, this does not lead to crushing because of the beneficial effect of transverse 

compression stresses which develop due to the lateral expansion of the grout. Figure 5.22 

shows the stress-strain behaviour for triaxial loading of UHPC.  

 

Figure 5.22: Stress-strain behaviour for triaxial loading for UHPC. (Speck 2011) 

According to Speck, the maximum compressive stress can be calculated as multiple of 

the uniaxial strength with free parameter K. The free parameter K depends on the λ-value 

in both perpendicular stress directions. Consequently, the grout can withstand very high 

compressive stresses near shear keys, which may equal to several times the uniaxial 

compressive strength. Remarkable is that the friction in the circumferential direction can 

play an important role. Overall, it is very clear from the figure 5.21 that the compression 

stresses in the middle of the strut are much smaller than stresses near to shear keys and 
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the lateral tensile stress causes a reduction compared to the uniaxial compressive 

strength.  

5.11. Comparison between the behaviour of short and long 

connection 

Group 1, 2 and three have a short connection which contains three shear keys 

while in group 4, 5 and 6 the shear keys are increased to give a chance to make 

different arrangements with shear keys. Therefore, the long connections contain 5 

shear keys. Both the short and the long connection are modelled in ATENA and 

the comparison between the model and the test results shows a good agreement 

between them. Short connections with three shear keys are very common. W. 

Aritenang 1990, Anders 2007 and Wang 2013 used the short connection to study 

the behaviour of the grouted connection in the lab. Consequently, to study the 

effect of grout, load conditions and grout thickness, a decision was taken from the 

beginning to use the short connection for groups 1, 2 and 3 to get the possibility 

of making a comparison with the previous study.  

Tables 5.1, 5.2 and 5.3 illustrate a comparison between the short and long 

connection behaviour at elastic, nonlinear and ultimate stages. The points of 

comparison are cracks pattern, principal stresses in the grout and von Mises 

stresses in the steel part. The comparison indicates that at the elastic stage, there 

are not effective cracks with crack thickness more than 5 E-5 m for both 

connections. At this stage, the distributions of principal stresses at grout are equal 

for the short and long connections. Furthermore, the maximum von Mises stresses 

are at the top of the pile for both of the connections then it is decreased. The steel 

part above the first shear key in the sleeve and the part under the last shear key in 

the pile approximately have no stresses for both connections consequently, in the 

eyes of the authors this part can be reduced to the minimum. The distributions of 

Von Mises stress for the shear keys in short connection is it seems to be equal 

while for long connection, there is concentrated of stresses at the bottom shear 

keys.  
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Table 5.1: Comparison between the short and long connection behaviour at the elastic stage. 

 

For nonlinear stage, the distributions of the cracks are appeared with filter 5E-5 

m. The first cracks appear at the last shear keys of the connection for both long 

and short connections. Afterwards the cracks start to appear at the first shear key. 

The principal stresses as concentrated at the upper part since the bottom part has 

Elastic Stage 

Cracks Principal stresses Von Mises Stresses 

   

Long Connection 

 

  

Short Connection 
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already been cracked. At this stage the last shear key is out of work for both long 

and short connections.  

Table 5.2: Comparison between the short and long connection behaviour at the nonlinear 

stage. 

Nonlinear Stage 

Cracks Principal stresses Von Mises Stresses 

 

 

 

Long Connection 

 
 

 

Short Connection 
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Table 5.3: Comparison between the short and long connection behaviour at the ultimate 

stage. 

Ultimate Stage 

Cracks Principal stresses Von Mises Stresses 

 
 

 

Long Connection 

 
 

 

Short Connection 
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5.12. Influence of different shear keys arrangement on the 

behaviour of the long connections  

As it was mentioned, the number of shear keys was increased in long connections to give 

a chance for different shear keys arrangement. Specimens (LHC-20-N-S0, LHM-20-N-

S0 and LHUL-20N-S0) have the same shear keys shape but with different arrangements 

of the shear keys. Arrangement C is the current arrangement which was recommended 

by the standards while In arrangement M, three shear keys were intensified in the middle 

of the connection and in arrangement UL, the shear keys were intensified in the upper 

and lower parts of the connection.  The arrangement shape and dimensions are described 

in chapter 3. Table 5.4, 5.5 and 5.6 show the comparison between the different 

arrangement of shear keys at elastic, nonlinear and ultimate stages. The points of 

comparison are crack patterns, principal stresses at grout and von Mises stresses at steel 

part. At the elastic stage, the distributions of principal stresses at grout are equal while 

there are not any effective cracks at this stage for all arrangements. For Von Mises 

stresses, the table indicates that the upper part above the first shear key in the sleeve has 

small stresses for arrangement C while this part increases in arrangements M and UL.  

At the nonlinear stage, the cracks start to appear at the bottom and upper part of the grout 

for all arrangements types while the distributions of principal stresses concentrate at the 

middle part of the connection for arrangement C. Remarkable is that the distributions of 

Von Mises stress in arrangement C is more uniform than for arrangement M and UL. In 

ultimate stage, all struts between shear keys are cracked. The distributions of the crack 

for UL were different than C and m where there is a part in the middle that does not crack. 

Overall, the distributions of Von Mises stresses are increased in nonlinear stage than 

elastic stage and it is more uniform in arrangement C. Furthermore, the last shear key in 

the connection is out of work early in arrangement C and M while it takes more for 

arrangement UL. Moreover, the part above the first shear key in the sleeve and the part 

under the last shear kay in the pile can be reduced to the minimum.  As a result of the 

finite element modelling, the approach of a plastic (constant) shear stress distribution 

over the length of the grouted connection is not appropriate after the cracks spread. 
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Table 5.4: Comparison between the different arrangements of shear keys at the elastic 

stage. 

Elastic Stage 

Cracks Principal stresses Von Mises Stresses 

  
 

Arrangement C 

 
 

 

Arrangement M 

 
 

 

Arrangement UL 
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Table 5.5: Comparison between the different arrangements of shear keys at the nonlinear stage. 

Nonlinear Stage 

Cracks Principal stresses Von Mises Stresses 

 

  

Arrangement C 

 

  

Arrangement M 

 

 
 

Arrangement UL 
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Table 5.6: Comparison between the different arrangements of shear keys at the ultimate 

stage. 

 

Ultimate Stage 

Cracks Principal stresses Von Mises Stresses 

  
 

Arrangement C 

 

 

 

Arrangement M 

  

 

Arrangement UL 
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CHAPTER 6 

ANALYSIS OF TEST RESULTS 

6.1. Overview 

Fourteen tests were designed to examine the effect of some parameters as described 

before. The specimens in the experimental program in groups 1, 4,5 and 6 were prepared 

using the same grout thickness and divided into short grouted connection in group 1,2 

and 3 and long grouted connection in groups 4,5 and 6.  The same grout material (Ducorit 

® S2 ) was used in groups 4, 5 and 6 while UHPC M3Q with and without fibers was used 

in groups 1, 2 and 3. Moreover, the thickness of the grout was different in groups 2 and 

3. The thickness of the steel in all groups was the same. By the following test results and 

data analysis, the behavior and failure mode of the connection can be understood. In this 

Chapter, the grouted connection failure was analyzed by experimental test results and a 

nonlinear finite element analysis using the software ATENA GID. The stresses in the 

steel part are also discussed and analyzed by strain gauges result as well as finite element 

analysis. Furthermore, effect of the following parameters on the behaviour of the 

connection was analyzed and discussed in details such as: 

 

 Effect of the arrangement of shear keys with normal force 

 Effect of the arrangement of shear keys with eccentricity 

 Effect of increasing of the shear keys number on the effect of using different 

grout  

 Effect of using different grout  

 Effect of type of loading (normal force and normal force with eccentricity)  

 Effect of increasing the thickness of the grout 

  Effect of different fiber ratio. 

 Effect of shifting of shear keys to be face to face 
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6.2. Effect of using different grout  

According to different standards, the grouted connection capacity is a function of the 

compressive strength of the grout material and the tubes radial stiffness.  As a basis for 

comparison, the behaviour of two specimens regarding to the bond strength and 

displacements are presented here. The bond strength is a term refering to the strength of 

axially loaded grouted connections, which is obtained by dividing the ultimate force 

capacity of the grouted connection by the total surface area interface between the pile 

and the grout. Figure 6.1 Bond stress – Displacement Curve for specimens SHC-20-N-

Q0 and SHC-20-N-S0. The horizontal axis on figure 6.1 shows the relative displacement 

for the connection specimen while the vertical axis shows the bond stress for specimens 

SHC-20-N-Q0 and SHC-20-N-S0. There is no significant difference in the initial 

stiffness as the grout of changes from M3Q to Ducorit ® S2. Both of specimens SHC-20-

N-S0 and SHC-20-N-Q0 were initially stiff then they have a short plateau after peaking 

and a gradual post-peak load decline. Moreover, the specimen with S2 grout exhibited a 

higher ductile behaviour in the post-peak stage than the specimen with M3Q grout. As 

shown in figure 6.1, for the specimen with M3Q, it was found that the load suddenly 

reduced after the primary strength three times and start again to increase. With each 

suddenly decreasing, a sound was heard. On other hand, for the specimen with S2, the 

load was increased smoothly after the primary strength and start again to decrease 

smoothly after reaching the ultimate strength without any sound. Although the UHPC 

M3Q has a higher average compressive strength of 193 MPa, it did not lead to 

significantly higher capacity of the connection, which means that the capacity of the 

connection does not depend only on average compressive strength but also depend on 

other properties of the grout and the steel part stiffness. In our case, it may be important 

to know that not only the strength values of the UHPC M3Q but also the full behaviour 

of it under compression and tension load can play a great roll in the capacity of the 

connection. Moreover, the tensile strength of grout affects both resistance to cracking 

and shear capacity, which is important with respect to the appearance and durability of 

the connection. 
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Figure 6.1: Bond stress – displacement curve for specimens SHC-20-N-Q0 and  

SHC-20-N-S0. 

The specimen with UHPC M3Q has a higher stiffness than S2 because of dense 

microstructure (high packing density) while the specimen with S2 has more ductility than 

UHPC M3Q since UHPC M3Q is more brittle than Ducorit ® S2. Furthermore, from the 

reference test, the UHPC M3Q behaved in a brittle manner under both tension and 

compression test while the S2 is quite ductile than UHPC M3Q. It was expected that with 

the addition of little steel fiber to the UHPC M3Q would enhance the ductility. Moreover, 

UHPC M3Q fails explosively with high sound in the compression test and it completely 
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destroyed while S2 fails without high sound and not completely destroyed. Moreover, 

the average splitting tensile strength for S2 was higher than for UHPC M3Q. This may 

explain the convergence of the two-connection capacity. All specimens, which contain 

fiber, exhibited more ductile. Specimens with S2 grout have not any sudden drop during 

the loading for long and short connections. It appears that there is little advantage in using 

grout with UHPC. 

 

 

6.3. Effect of type of loading on the behaviour of the connection 

Failure accidents of grouted connections have been reported in a lot of places in the 

world. For example, at Horns Rev I wind farm with 80.2 in the Danish waters of the 

North Sea, which was constructed in 2002, the grouted connection between the monopile 

and the transition piece on several monopile structures in this farm were collapsed. These 

failures was happened because the grouted connection was insufficiently designed to 

enable the transfer of bending moment from the pile to the sleeve. This miss design may 

partially because the standers and previous experiences for the design of grouted 

connection were mainly suitable for grouted connection under axial loading while the 

monopile-grouted connections are subject to loading.  

Due to the limitation of experimental tests for grouted connections subjected to combined 

loading, grouted connection specimens under eccentric loading have been executed. Two 

specimens SHC-20-N-Q1 and SHC-20-E-Q1 were tested to study this parameter. After 

testing SHC-20-E-Q1, the sleeve was cut and removed to expose the grout surface and 

the grout was divided into four parts as shown in figure 4.7 in chapter 4. SHC-20-E-Q1 

has more amount of cracks between the locations of shear keys unlike other specimens, 

which have only concentric loading. Furthermore, Locations 2 and 4 have diagonal 

cracks while locations 1 and 2 have only one diagonal crack at the bottom as shown in 

figure 6.2.  
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Figure 6.2:  Specimen SHC-20-E-Q1 after catting the sleeve. 

 

Furthermore, the specimens (SHC-20-E-Q1) with eccentricity has 12 % more capacity 

than the specimen SHC-20-N-Q1 with only axial loading. This increase is because of the 

horizontal force, which was developed due to the relative rotation of the pile and sleeve. 

This result was consistent with the results of (Lamport et al 1988 and Lee et al 2017). 

However, the result of specimens (LHC-20-E-C40, LHM-20-E-C40 and LHUL-20-E-

C40) shows that the horizontal force which was developed due to the relative rotation of 

the pile and sleeve can be diminished or reduced by using arrangement M. Moreover, 

this result could be not the case if the steel thickness was reduced because of the 

beneficial effect from the strength of the grout can be more than the steel confinement of 

the steel. 

 Overall, there is a noticeable increase in ultimate load with the eccentric loading, thus 

indicating that the loading with eccentricity seems to have more capacity than concentric 

loading because of the mentioned reasons. Nevertheless, in terms of long connections, 

there was an increase in capacity with the using of arrangement C as it will discussed in 

part 6.8. 
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6.4. Effect of increasing the thickness of the grout on the 

behaviour of the connection 

The thickness of the grout can play a role in crossing compression struts, which can affect 

the connection capacity, therefore, GL recommends that the angle of the load distribution 

between two shear keys should be less than 30°.  In groups two and three, specimens 

SHC-20-N-Q1, SHC-30-N-Q1, SHC-20-N-Q2 and SHC-30-N-Q2 was tested with 

different grout thickness. The increasing of the grout thickness was done by reducing the 

pile diameter. Figures 6.3 and 6.3 show a load-displacement curve for specimens SHC-

20-N-Q1 and SHC-30-N-Q1, which have UHPC M3Q grout with 1% fiber ratio and Load 

-Displacement Curve for specimens SHC-20-N-Q1 and SHC-30-N-Q1, which have 

UHPC M3Q grout with 2 % fiber ratio. Both figures indicate that increasing the thickness 

of the grout with reducing the pile diameter does not enhance the performance of the 

grouted connection.  

 

  

Figure 6.3: Load -displacement curve for specimens SHC-20-N-Q1 and SHC-30-N-Q1. 
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Figure 6.4: Load -displacement curve for specimens SHC-20-N-Q2 and SHC-30-N-Q2. 

 

The thickness of the grout was increased from 20 mm to 30 mm in tests in group two and 

three. This increase lead to less capacity. This result was got because of fact that the 

lateral confinement in the grout, which come from the pile and sleeve, plays a great role 

in the capacity of the connection. Moreover, according to Chilvers 1984, the higher key 

loads are achieved with increased pile and sleeve dimensions because it makes greater 

confinement on the grout. The capacity of the grouted connection clearly is not dependent 

only on the thickness of the grout but also on the diameter of the pile. furthermore, the 

load capacity of the connection is not almost directly proportional to the thickness of the 

grout.  It is also very clear from the comparison in figures 6.3 and 6.4 that the specimen 

with grout thickness of 20 mm exhibited ales softening in the post-peak stage than the 

specimen with grout thickness of 30 mm for both fiber ratios.  
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Moreover, the results of these tests show that variation of fiber ratio has a dramatic effect 

on the capacity of the connection for the two different grout thickness. Figure 6.5 shows 

a comparison between specimens with thickness 20 and 30 mm with different fiber ratio. 

The comparison indicates that for specimens with fiber ratio of 1% have a noticeable 

difference in the capacity of the connection when the thickness of the grout is dchanged 

while the specimens with fiber ratio of 2% have a slight difference in the capacity of the 

grout as shown in figure 6.5. Furthermore, a significant effect of fiber ratio can be 

observed with grout thickness of 30 mm while it is not notable for connections with grout 

thickness of 20 mm.  

As a result of this observation, the behaviour of the specimens with different thickness 

indicates that there is a thickness effect for the grout and the steel, which decreases or 

increases the capacity of the connection and the confinement of the grout plays a great 

role in the capacity of the connection. Furthermore, the result of the tests showed that the 

stiffness of the connection is mainly affected by the grout type for thin grout thickness, 

while it is not affected by the grout type for thick grout thickness. 

 

 

Figure 6.5: comparison between specimens with thickness 20 and 30 mm with 

different fiber ratio. 
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Moreover, the average crack inclination for SHC-20-N-Q1 was 52◦ while the average 

crack inclination for SHC-20-E-Q1 can not be compared because it was measured after 

the reversible test. However, Lamport et al 1988 confirmed in his study that the angle of 

cracks is independent of the grout thickness for the range of these tests.   

6.5. Effect of increasing fiber ratio on the behaviour of the 

Connection  

The most important advantage of the fiber is to control crack widths opening, which 

could enhance the behaviour of the grouted connection. Figures 6.6 and 6.7 show Load -

displacement curve for specimens SHC-20-N-Q0, SHC-20-N-Q1 and SHC-20-N-Q2 

which have grout thickness of 20 mm and displacement curve for specimens Load -

Displacement Curve for specimens SHC-30-N-Q1 and SHC-30-N-Q2 which have a 

grout thickness of 30 mm.  The result of the tests shows that the stiffness of the grouted 

connection was affected by the fiber ratio for specimens with grout thickness of 20 mm 

while there is not a significant increase in ultimate load or in ductility for connections 

with 20 mm grout thickness. However, for specimens with grout thickness of 30 mm, 

there was a significant increase in ultimate load and ductility while the stiffness of the 

grouted connection is not affected by the fiber ratio for these specimens. Furthermore, 

the specimens with grout thickness of 30 mm have the same general shape of axial load-

displacement curves. This behaviour indicates that there is a fiber ratio effect for the 

grouted connection with 30 mm and 20 mm grout thickness, which enhances the 

behavioure of the grouted connection. It should be noted that the grouted connection with 

2% fiber ratio behaves after the primary strength with suddenly decline in load followed 

by straining of the grout because of the fiber then followed by a rebound in strength gain 

until the ultimate strength.  

Overall, the initial stiffness is quite similar for three specimens as shown in figure 6.6 

irrespective of the fiber ratio (0, 1 and 2%vol.) used in the three specimens. In addition, 

adding steel fibers or increasing the steel fiber volume from 1% to 2% result in a small 

improvement in the pre-peak and post-peak response for grouted connection with a 

thickness of  20mm. It is interestingly noted that, for the specimens with grout thickness 

of 30 mm, the use of grout with steel fibers of  2%vol. results in not only a considerably 



 
Chapter 6: Analysis of Test Results 

147 
 

higher strength enhancement but also a significantly higher ultimate strain at the ultimate 

load, as compared to the specimen with steel fibers of 1%vol. Moreover, for grout 

thickness of 30 mm the specimen with a fiber ratio 2%  exhibited higher post-peak 

capacity as well as a higher ductile behaviour in the post-peak stage than the specimen 

with fiber ratio 1%. 

 

Figure 6.6: Load -displacement curve for specimens SHC-20-N-Q0, SHC-20-N-Q1 

and SHC-20-N-Q2. 

Figure 6.7: Load -displacement curve for specimens SHC-30-N-Q1 and 

 SHC-30-N-Q2. 
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6.6. Effect of shear keys numbers and ratio (Lg/Dp) on the 

behaviour of the Connection 

Basically, the grouted connection depends on some main parameters. One of the most 

important parameters is the shear keys. Figure 6.8 shows a comparison between the long 

connection and the short connection. This comparison indicates that there is a big effect 

of the increased of shear keys number for the grouted connection, which increases the 

capacity of the connection. Not only the ultimate load is effected but also the overall 

grouted connection behaviour. Overall, It is evident from the comparisons in figures 6.8 

that the pre-peak and post-peak response shows a difference between the short connection 

and long connection and by increasing the number of the shear keys, the capacity of 

grouted connection is significantly increased.  

 

Figure 6.8: Comparison between the long connection and the short connection. 

The number of shear keys plays an important role in the design of the grouted connection. 

It can be seen from table 6.1 that increasing the shear keys number in the long 

connection led to an increase in the capacity of the connection. Moreover, the 

single shear key in the long connection carries more force than the single shear 

key in the short connection. 
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Table 6.1: The capacity of the connection according to the shear keys number 

Specimen 
Number Of shea 
keys 

Max P for the whole 
connection (KN) 

Max P per one shear key 
(KN) 

SHC-20-N-S0 2.5 2410.1 964 

LHC-20-N-S0 4.5 5275.6 1172 

 

Figure 6.9 shows the effect of ratio of length of connection to the diameter of the 

pile (Lg/Dp) on the capacity of the connection. All specimens in this figure 

maintained with the same pile thickness tp and same grout material for specimens 

(SHC-20-N-S0 and LHC-20-N-S0), (SHC-20-N-Q1 and SHC-30-N-Q1) and 

(SHC-20-N-Q2 and SHC-30-N-Q2). It can be seen from this figure that there is a 

small difference in the capacity of the connections with Lg/Dp  about 0.78 while 

there is a significant increase in the capacity of the connections with Lg/Dp ratio 

about 0.89. Moreover, when this ratio increases to 1.27, the maximum capacity is 

doubled. Within this program, no effort to comprehensively examine the effect of 

increasing the shear keys number in the same connection length or using more 

(Lg/Dp) ratio was done due to the limited number of test specimens. 

 

 

Figure 6.9: Effect of length of connection to the diameter of pile ratio on the 

capacity of the connection. 
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6.7. Effect of the arrangement of shear keys on the behaviour 

of the Connection with concentric loading 

Many researchers have been investigating the failure mechanism and the maximum 

capacity of grouted connections, the majority focusing on the effect of grout materials, 

load conditions, the steel part stiffness and shear keys geometry. However, there a few 

researchers having investigated the arrangement of shear keys. According to many 

previous experimental tests, decreasing the shear keys spacing led to more capacity for 

the grouted connection. Older design standards from the American  Petroleum  Institute  

API  and  UK Department of Energy recommended that shear keys should be spaced 

uniformly along the length of the connection. Using unequal spacing between shear keys 

along the grout was not discussed according to the best knowledge of the author. In this 

part, the new arrangement of shear keys was studied. Three grouted connection 

specimens (LHC-20-N-S0, LHM-20-N-S0 and LHUL-20-N-S0) with axial load, long 

grout length, Ducorit ® S2 and five shear keys were undertaken. Figure 6.10 shows the 

load-displacement curves for specimens LHC-20-N-S0, LHM-20-N-S0 and LHUL-20-

N-S0. According to the test result, After an initial linear part lasting up to about 60 – 70% 

of the ultimate load, the curve becomes nonlinear. This non-linearity may be a function 

of the cracks as it was observed from the finite element model. The initial linear was until 

3 MN and the arrangement of the shear keys does not affect this initial stiff response. 

This means that the three types of the arrangement have the same behaviour until 3 MN. 

This behaviour, as confirmed by strain gauge results and by FEM model, because of the 

same distribution of the cracks and load along the grout length. The three arrangements 

show linear elastic load-deformation behavior with almost the same stiffness up to the 

cracking load. The post-cracking behavior is characterized by a hardening followed by a 

softening region. In the hardening region, arrangement C shows the highest stiffness and 

bearing capacity followed by arrangement UL and lastly, arrangement M.  The ultimate 

load is reached when diagonal cracking was completely formed within the grout. The 

softening regions of the three curves reveal that arrangements C and M have almost the 

same ductility which is higher than that in arrangement UL. Arrangements C and M had 

approximately the same shape of the curve after a displacement of 7 mm. Nevertheless, 

as it was discussed in chapter 4.11, The ultimate ductility depends on the elastic stiffness 
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kel,, the ultimate displacement δu,, and the value of  Vu. According to the numerical 

evaluation of the failure mode in chapter 6.11, the first stage (elastic stage) depends on 

the yield strength of the steel, grout compressive strength and properties of the interface, 

which are the same in all arrangements, therefore, the arrangements C, M and UL almost 

have the same stiffness. This means that the elastic stiffness Kel as it defined in figure 

4.28 in chapter 4.11  is quite similar for this group. The elastic displacement δe can be 

evaluated as δe = Vu/Kel therefore it depends mainly on the value of  Vu. However, at the 

nonlinear stage, the cracks start to appear at the bottom and upper part of the grout for all 

arrangements types while the distributions of principal stresses concentrate at the middle 

part of the connection for arrangement C,  which makes the load-displacement curve to 

have sharp declination which makes the value   0.8 Vu to be at small displacement as 

shown in figure 6.10 while there are more intensive shear keys in the middle in 

arrangement M, which makes the curve to have slight declination, therefore, the ultimate 

ductility for arrangement M (μu = 6.24) is more than arrangement C (μu = 3.39 ). 

 

 

Figure 6.10: Load -displacement curve for specimens LHC-20-N-S0, LHM-20-N-

S0 and LHUL-20-N-S0. 
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6.8. Effect of the arrangement of shear keys on the behavior of 

the connection with eccentric loading 

To study the effect of the arrangement of shear keys with eccentric loading, three-grouted 

connection (LHC-20-E-C40, LHM-20-E-C40 and LHUL-20-E-C40) with the same 

length, same normal grout and five shear keys were used.  Figure 6.11 shows the load-

displacement curve for the three specimens. After an initial linear part lasting up to about 

70 – 80% of the ultimate load, the curve becomes nonlinear. This non-linearity, as it was 

mentioned before, maybe a function of the cracks as it was observed from the finite 

element model.  The three specimens have the same stiffness until 2500 KN. As shown 

in the figure, LHC-20-E-C40 has the most capacity. All specimens in this group have not 

any sudden drop during the loading. The connection with arrangement C has more 

ultimate capacity than connection with M and UL. The ultimate load for specimens LHC-

20-N-S0, LHM-20-N-S0 and LHUL-20-N-S0 was 5275.6 KN, 4546.1 KN and 4985.6 

KN respectively. The influence of different arrangements on the ductility is also shown 

in table 4.8. As evident in this table, the specimen with arrangement C exhibited a 

ductility of μu = 6.92, whereas there was a significant increase in ductility in the specimen 

with arrangement UL (μu = 12.40). This increase in ductility for arrangement UL is 

because of the intensification of the shear keys in the upper and lower part of the grout 

length where a horizontal force is developed due to the relative rotation of the pile and 

sleeve. The pronounced reduction in ductility in the specimen with arrangement M (μu = 

6.36). was also observed. It can be briefly supposed that arrangement C has a positive 

influence on the ultimate load and exhibited higher post-peak capacity while specimen 

with arrangement UL has positive influence on the ductility and this influence may 

become to be more positive with the increase of the eccentricity. The main observation 

of the effect of arrangement of shear keys is that LHM-20-E-C40 that it has not noticeable 

inclination of the pile relative to the sleeve while the specimens LHC-20-E-C40 and 

LHUL-20-E-C40 have very clear inclination as shown in figure 6.12 which shows the 

specimens after test (a for LHC-20-E-C40, b for LHM-20-E-C40 and c for LHC-20-E-

C40). This indicates that the failure in specimens LHM-20-E-C40 is due to the yielding 

of the steel part while the failure in specimens LHC-20-E-C40 and LHUL-20-E-C40 are 

through failure of the grout as it is shown from the strain gauge which means that if the 

steel thickness is more thick, the capacity of specimen LHM-20-E-C40 may be more than 
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other. The arrangements C, M and UL under eccentric loading have the same stiffness. 

This means that the elastic stiffness Kel as it defined in figure 4.28 in chapter 4.11  is 

quite similar for this group.  

 

Figure 6.11: Load-displacement curve for specimens LHC-20-E-C40, LHUL-20-E-

C40 and LHM-20-E-C40. 

   

Figure 6.12: The specimens after test (A for LHC-20-E-C40, B for LHM-20-E-C40 

and C for LHC-20-E-C40). 

Overall, there is a noticeable increase in the capacity of the specimen with arrangement 

C, thus indicating that the current arrangement seems to have more effect with such small 

eccentricity and mentioned steel thickness. Nevertheless, for the specimen with 

arrangement M had more ductility than the specimen with arrangement C. Moreover, 
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arrangement M had not the inclination of the pile relative to the sleeve, which means that 

it can be more effective of some cases as it was discussed. It can be inferred from this 

observation that using the current arrangement with concentric and eccentric loading 

may give the highest ultimate load. Nevertheless, in the eyes of the author, the 

arrangement M may give the best ductility and more stability for concentric and 

eccentric loading respectively. Moreover, the difference in the capacity between 

arrangement C and M is not high especially for concentric loading. More details 

and discussion about the stresses in steel parts with different arrangement of shear 

keys will be discussed in part of stresses in the steel part. 

6.9. Effect of shifting of shear keys to be face to face 

API is the first design formula standard for the grouted connection with shear keys 

(shear connectors).  It was assumed by API that shear keys should be located 

halfway between those of the pile and sleeve then all standards followed this 

regulation.  Furthermore, in the majority of the experimental tests that done on the 

grouted connection, the shear keys on the sleeve were always located halfway 

between those of the pile and sleeve. In the reality, there is barely control over the 

relative shear keys location between the pile. However, the shear keys in the pile 

and sleeve, in reality, can be placed directly face to face. The available 

experimental data about the grouted connection behaviour for this case are limited. 

(Lamport 1988) studied this case and it was found that there was 34 % increase in 

fbu for this case over the reference test. This was because of 50% increase in fcu for 

the mentioned case. Figure 6.13 shows the load-displacement curve for specimens 

LHC-20-N-S0 and LFC-20-N-S0. The result of specimens (LHC-20-N-S0 and 

LFC-20-N-S0) shows that the capacity of the connection can be decreased by 15% 

if the sleeve shear keys were located face to face with the pile shear keys. The 

more likely explanation for this decrease that the location of the shear keys of the 

sleeve face to face with the shear keys of the pile did not give the chance for long 

diagonal cracking which plays a great role in the failure model. Figure 6.14 shows 

that there is a horizontal crack were developed between the first shear keys in the 

pile and sleeve. After this horizontal crack, there are diagonal cracks between 
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shear keys.  Moreover, Lamport 1989 observed that the inclination of annulus 

cracks is independent of relative shear keys location between the pile and sleeve 

while in this test it is observed that the inclination of cracks in grout region is 

changed with change the shear keys location from halfway to face to face. 

 

Figure 6.13: Load-displacement curve for specimens LHC-20-N-S0 and LFC-20-N-S0. 

    

Figure 6.14: Specimen LfC-20-N-S0 after separation. 
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6.10. Analysis of the stresses in steel parts 

The stiffness of the steel part (pile and sleeve) in the grouted connection plays an 

important part on the maximum capacity of the connection. Moreover, due to the 

beneficial effect from the high strength of the grout such as UHPC, the failure can be in 

the steel part. The stresses in the steel part are analysed by the strain gauges result as well 

as the finite element model. Thirty-six strain gauges were installed in both axial hoop 

direction and placed at 120o spacing around the sleeve and pile perimeter. As shown in 

figure 3.12 in chapter three. In ATENA GID model, a “CC3DBilinearSteelVonMises” 

model was used to represent the steel part which based on Von mises plasticity model. 

The stresses in short and long connection are analysed and discussed.  

6.10.1. Stresses in short connections 

The steel part designed to be linear elasticity for short connections because the 

yielding of the steel part leads to the ovalisation, which can significantly affect the 

bearing mechanisms of the grouted connection. As shown in figure 6.15 A, the 

maximum longitudinal strain at the ultimate load for specimen SHC-20-N-Q0 is 

at the upper part of the pile and this value decrease by 75 % after the first shear 

key and it continue to decrease after the second shear key. For the sleeve, the 

maximum longitudinal strain was at the bottom and it starts to decrease steadily 

until the upper part in the sleeve. This result matches with the study of the end 

effect which done by W. Aritenang 1990. Figure 6.15 B shows hoop strain at peak 

load for SHC-20-N-Q0. The maximum hoop strain in the pile is after the first shear 

key while the maximum hoop strain in the sleeve is after the second shear key, 

which means that the maximum hoop strain is in the middle of the connection. 

The ultimate strength is not affected by the yielding of the steel part since the 

maximum equivalent stress at the location of the strain gauge does not exceed 0.8 

fy as it was discussed in chapter 4. The result from the strain gauge shows that the 

maximum equivalent stress tended to be above intermediate shear key in the sleeve 

and the maximum equivalent stress of the pile occurred above upper shear key as 

shown in figure 6.15 C. This indicated that the upper and intermediate shear key 

at peak load have the most equivalent stresses. This result agrees with the finite 
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element result as shown in figure 6.16 which indicates that the maximum von 

Mises stresses are at the upper part of the pile and at the bottom part of the sleeve 

at the area of shear keys two and three.  

 

A: Longitudinal strain at peak load for SHC-20-N-Q0. 

 

B: Hoop strain at peak load for SHC-20-N-Q0. 
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C: Average equivalent stresses at rows in pile and sleeve for SHC-20-N-Q0. 

Figure 6.15: The stresses and strains in short connection. 

 

 

Figure 6.16: Von Mises Stresses for short connection. 

6.10.2. Stresses in long connection  

 Group four contains a three-grouted connection (LHC-20-N-S0, LHM-20-N-S0 and 

LHUL-20-N-S0). The same thickness of steel, which used for short connections, was 

used for long connections. The result of this group was discussed in chapter 4. Figures 
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6.18, 6.18 and 6.20 show the stresses and strains in a long connection at the ultimate load 

for different arrangements. For arrangement C, the maximum longitudinal strain at 

ultimate load is at the upper part of the pile at row 1. Moreover, the longitudinal strain in 

the sleeve increases gradually from the upper part until row 4. Likewise, the longitudinal 

strain in pile increases gradually from row 4 until row 2. The maximum hoop strain for 

the pile is at row 3 while the maximum hoop strain for the sleeve is at row 2. 

The maximum average stresses in the connection is at the upper part of the pile. For the 

sleeve, the maximum average stresses are at the bottom. This result agrees with the result 

of the finite element result. It is very clear that the upper part of the pile yields at ultimate 

load while the other parts of the pile and sleeve do not yield. For arrangement M, the 

distribution of the longitudinal and hoop strain is totally different than arrangement C. 

Unlike arrangement C, the hoop strain in the sleeve in arrangement M increases gradually 

from the bottom to the upper part. For arrangement UL, the hoop strain for both the pile 

and the sleeve increases gradually from the bottom to the upper part. The distribution of 

the average stresses in the sleeve in arrangement C increases gradually from the bottom 

to the upper part. This result agrees with the finite element model result as shown in 

figure 6.17. For arrangement M, there are concentrated stresses in the middle parts while 

for arrangement UL, there is concentrated stress in the bottom. 

  

Figure 6.17: Von Mises stresses for different shear keys arrangements. 
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Figure: 6.18: The stresses and strains in long connection at ultimate load for C 

arrangement under concentric loading. 
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Figure: 6.19: The stresses and strains in long connection at ultimate load for M 

arrangement under concentric loading. 
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Figure: 6.20: The stresses and strains in long connection at ultimate load for 

UL arrangement under concentric loading. 



 
Chapter 6: Analysis of Test Results 

163 
 

6.11. Failure mode of specimens 

The understanding of the grouted connection failure mode to predict the connection 

capacity is a substantial task. It can be inferred from the observation of steel part after 

removed the grout that the compression struts do not cause shear failure at the shear keys, 

which indicates that the failure was due to failure of the grout because of decreasing of 

confinement of the steel parts. According to the previous studies, the failure of the 

grouted connection in the experimental tests can be occurred either in the form of a 

sudden slip of between sleeve and pile or by the continuous increase in displacement 

under reducing load. In this program tests, all failures of the grouted connection occurred 

by the continuous increase in displacement under reducing load. There were not any 

sudden slip between the sleeve and pile. The most failure mode of specimens was due to 

diagonal cracking between shear keys and crushing of the grout ahead of shear keys. 

These results agree with previous studies.  

Figure 6.21 shows specimen SHC-20-N-Q1 after catting the sleeve. As shown in this 

figure, the shear keys in the pile and sleeve forms a compression struts in grout region. 

These compression struts are totally damaged at the final displacement of the reversible 

loading test. Even the parts between the compression struts in the grout material are 

damage except for specimens SHC-20-N-Q1 and SHC-20-E-Q1. It should be noted that 

the cracks shown in the previous figures are those that were obtained after the reversal 

test and not at the ultimate load except for specimens SHC-20-N-Q1 and SHC-20-E-Q1. 

  

Figure 6.21: Diagonal cracking between shear keys and crushing of the grout 

ahead of shear keys. 
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For short specimens, the test results show that there are two different conditions of 

strength, the first one is primary and the second one is the ultimate strength. Lamport 

1989, Aritenang 1990 and Anders 2007 explained this phenomenon. Lamport 1989 

explained that the first elastic part because of the development of diagonal cracks through 

the annulus and the second non-linear part as a result of the crushing of the grout ahead 

of shear keys. Aritenang 1990 explained the primary strength as a result of the failure of 

the shear-key near the loaded end and the ultimate strength as a result of diagonal crack 

in the grout. Furthermore, in the short connections, the early stages of failure occurred 

near to the bottom shear key. The failure was appeared as diagonal cracks and crushing 

of the grout ahead of shear keys.  Aritenang 1990 explained this earlier failure because 

of the difference in the factors that govern the strength in the grout while the failure at 

the upper shear key is because of the crushing of the grout. Failure at the bottom is due 

to tensile cracking across the grout. However, in the present tests, the failure at the bottom 

is due to tensile cracking across the grout as well as crushing of the grout as shown in 

figure 6.21. A complete separation of the grout in connection SHC-20-N-Q1 occurred in 

a diagonal fracture surface. This cracks extended from the pile to the sleeve at an angle 

of about 53 ° to the horizontal and the cracks were wider at the sleeve than at the pile, 

which support that the cracks originated at the sleeve. Significant crushing of the grout 

ahead of the shear key has occurred for the bottom and middle shear key for SHC-20-N-

Q1. The crack appeared in all specimens then it continued to propagate until failure. For 

SHC-20-E-Q1 the cracks extended from the pile to the sleeve and it varies from 51 to 

73° to the horizontal.  

The failure mechanisms and the behaviour of the pile and sleeves can be evaluated based 

on the strain results and FE model. The main mechanism for transferring the load within 

the grout is that the load transfers from the pile to the sleeve are done by compression 

struts and coulomb friction. The shear keys play a great role not only on the transferring 

of the load but also on preventing the direct shear of the grout. After the adhesion between 

the steel part and grout is exceeded, the load transfer mechanism starts to appear. At first, 

the pile carries the entire load at the upper part of the connection as shown in figure 6.22. 



 
Chapter 6: Analysis of Test Results 

165 
 

 

Figure 6.22: Von Mises stresses at the beginning of the loading. 

 If the steel part (pile and sleeve) is sufficiently stiff, the cracks form at the lower side of 

the shear keys in the pile then it ran across the grout until the shear keys of the sleeve as 

shown in figure 6.23, which shows the formation of cracks at the beginning of the 

loading. At this stage, the principal stresses at all shear keys are equal as it is shown in 

this figure. This distribution of stress remains equal during the initial stiffness of the 

connection.  

 

Figure 6.23: The formation of cracks at the beginning of the loading. 
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Afterwards, the cracks spread along the grouted length and once the bottom 

strut at the last shear key in grout is collapsed, the distribution of stresses is 

confused and the nonlinear stage appears as shown in figure 6.24, which shows 

the formation of cracks and the distribution of the principal stresses at the 

nonlinear stage. 

 

 

Figure 6.24: The formation of cracks at the nonlinear stage. 

 

It is very clear from the finite element modelling that the approach of a plastic 

(constant) shear stress distribution over the length of the grouted connection 

after the initial stiffness, as considered in some standards, is not appropriate 

after the cracks spread. 

Based on the observation of the test program results as well as finite element 

modelling , the complete load displacement of the short specimen and long 

specimen under the limitation and conditions of the test program can be mainly 

https://www.arabdict.com/de/english-arabic/spread
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defined by four parts for short specimen and three parts for long specimen, as 

shown in figure 6.25 and 6.26. 

 

 

Figure 6.25: Simplified load-displacement curve for short connections. 

 

Figure 6.26: Simplified load-displacement curve for long connections. 
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The short connection consists of five main stages elastic stage, stable crack stage, 

crushing stage, successive crack stage and unstable crack stage while the long grouted 

connection behaviour consists of three main stages elastic stage, stable crack and 

unstable crack. This simplified curve is in good agreement with the test result curves. 

Although the curves of specimens with grout thickness 30 mm somewhat deviate 

from the simplified curves.  

As it was observed from the finite element modelling that the first stage (elastic stage) 

depend on the yield strength of the steel, grout compressive strength and properties 

of the interface. In this stage, there are not notable cracks except stable micro-cracks 

and the distributions of the principal stresses are equal for all shear keys as shown in 

figure 6.27. 

 

Figure 6.27: The distributions of the principal stresses at the elastic stage. 

 

 In the second stage (stable crack stage), the gradient of the curve starts to change 

after the breaking of the friction bond. In this stage, the shear keys start to take up the 

load and cracks start to spread at the point of initial crack localization near to shear 

keys and localize forming diagonal cracks as shown in figure 6.28.  
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The cracks spread from the shear keys positions and it more concentrated at the ends 

of the connection because the stresses are higher near the connection end due to the 

end effects. 

 

 

Figure 6.28: The formation of cracks and the distributions of the principal 

stresses at the stable crack stage. 

 

 

The third stage (crushing stage) represents the loss of load capacity after the primary 

ultimate load. In this stage, the stresses build up around the shear keys and it causes 

crushing of the grout around the shear keys. At this stage, the third shear keys at the 

bottom are totally out of work and the first shear keys at the upper part are started to be 

out of work. Afterwards, the connection depends on the second shear keys as shown in 

figure 6.29. 
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Figure 6.29: The formation of cracks and the distributions of the principal stresses 

at the unstable crack stage. 

 

In the successive crack stage, the load still increases until the ultimate load. In the last 

stage (unstable crack), the load starts to recover and increase depending on the resistant 

of the second shear key but this increase is quite small. The cracks undergo unstable 

growth and continue to propagate and the resistance to slip starts to decrease until the 

failure of the connection. The ultimate load was reached when diagonal cracking was 

completely formed within the grout.  

 

 

 

 

 



 
Chapter 7: Analytical and Empirical Design Equations Discussion 

171 
 

CHAPTER 7 

ANALYTICAL AND EMPIRICAL DESIGN 

EQUATIONS DISCUSSION 

7.1. Overview 

Based on the information covered in the literature review chapter two, it was found that 

the behavior of the connection is affected by many important parameters. One of the 

goals of this research is to look at current standards used to design grouted connections. 

This section provides a brief discussion on different standards and analytical models to 

discuss their applicability to represent the most important parameters that affect the 

capacity of the connection. This discussion provides some justification for a reassessment 

of the limits for these standards.  In chapter seven, the experimental results which are 

given in chapter four, will be compared with different standards and equations that are 

discussed in this current chapter. In other words, the applicability of the current design 

codes API, NORSOK and DNV will be evaluated in chapter seven by comparison of 

bond stress between test results and prediction of the standards. 

7.2. Calculation of the Maximum Capacity from Analytical 

Models 

The analytical models for prediction of the ultimate axial capacity of the grouted 

connection was previously studied. For some structures, analytical models are superior 

to numerical models nevertheless, this is not the case in the grouted connection because 

it is difficult to develop analytical solutions to predict the maximum capacity of the 

grouted connection due to the nonlinear behaviour and the state of triaxial stress in the 

grout. However, there were some trials to develop analytical models for prediction of the 

ultimate axial capacity of the connection but these trials were not widely accepted 

(Lamport 1988).  
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7.2.1. Mark Blanford Model 

Mark Blanford in 1980 developed an analytical model for the ultimate capacity of axially 

loaded grouted pile to jacket connections (Blanford 1980). In his model, three 

mechanisms were assumed to transfer the load. In the first mechanism, the load transfer 

by adhesion of the grout to the sleeve or pile. In the second mechanism, the load transfer 

by coulomb friction along the interface while in the third mechanism, the load transfer is 

done by concentrated loads at shear keys. The behaviour of the grout is governed by Von-

Mises yield criterion. The grouted connection is assumed to be a series of axial element 

and every element has two shear keys at the end of the pile and at the end of the sleeve 

as shown in figure 7.1. The forces in this element were assumed to be compressive. 

 

Figure 7.1: Definition of variable within an element. (Blanford 1980) 

More than twenty simultaneous equations are listed for each element. An 

incremental approach was applied to get the solution because the majority of these 
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equations are nonlinear. Simple punch indentation was done to get the load slip 

relationship for the shear keys. The test was performed on confined grout 

specimens as shown in figure 7.2. To simulate the increasing on the grout capacity 

due to the steel part, the maximum shear key stress was assumed to be 5.5 times 

the grout cube strength.  

 

 

Figure 7.2: Shear lug key crushing and punch crushing. (Blanford 1980) 

7.2.2. Chilvers model 

Chilvers developed a nonlinear finite element analysis for grouted connections using a 

friction gap element to model the steel/grout bond (Chilvers 1984). By using the friction-

gap element, the Load-slip behaviour and strains up to the ultimate load were analysed 

and simulated. To represent the behaviour of grout material, a work-hardening, an elastic-

plastic, cracking and crushing constitutive model were developed using finite element 

analysis of the load-slip behaviour of individual shear keys of various shapes. During the 

analysis, a confinement factor was used to give higher ultimate shear key loads due to 

fact that the capacity load of the connection achieves with increase sleeve and pile 

dimensions because this make greater confinement of the grout. As a result of this study, 
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it was found that high normal bond stress concentrations are necessary to balance the 

bending moments in the grout part. The result of this study was used to formulate a new 

bond strength formula that considers some factors affecting bond strength. It was 

assumed that the connection capacity is a function of the same three basic mechanisms 

which was mentioned in Mark Blanford model. These three basic mechanisms are 

adhesion of the grout to sleeve or pile, coulomb friction and load transfer through shear 

keys as shown in equation 7.1. 

𝑓𝑏𝑢= c+ μ𝜎𝑛+𝜎𝑚h/s                                                                                                     (7.1)                                                                                                

where C is a constant representing the adhesion of the grout to sleeve or pile, μ coefficient 

of friction, 𝜎𝑛 normal compressive stresses, 𝜎𝑚  constant for grout strength of shear keys, 

h shear key height and s shear keys spacing. When the stresses exceed the adhesive bond 

strength, the adhesive term does not play any roles. Chilvers neglected this value because 

it was assumed that this value is too small in comparison to the other values. Relative 

slip at the steel parts and grout interface occurs when the shear stress at the interface 

reaches the coulomb friction, which develops due to the normal compressive stresses 

across the boundary. According to Chilvers, the concentrated loads at the shear keys 

could be determined from experimental results. Equation 7.2 shows the normal bond 

stress mean value over the whole length which is the general term. 

𝜎𝑛
´´  = 𝑘𝑛(𝑢𝑚 - 𝛥´) >0                                                                                                (7.2)                                                                                           

Where 𝑘𝑛 is normal bond stiffness , 𝑢𝑚  is maximum surface roughness and 𝛥´ is mean 

radial bond opening. The hoop stress for a thin ring is shown in equation 7.3. 

𝜎0= 𝜎𝑛
´´  r/t                                                                                                                  (7.3)                                                                                                            

Where r is centerline radius of ring and t is wall thickness of the ring. By substituting 

equation 7.2 into equation 7.3, the hoop stress can be gotten as shown in equation 7.4. 

 

𝜎0= 𝑘𝑛r (𝑢𝑚 - 𝛥´)/t                                                                                                   (7.4)                                                                                                    
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By using the theory of elasticity, the mean hoop strain neglecting the effect of radial 

confinement can be expressed as following 

𝜖0= 𝛥/r= (𝜎0-υ𝜎𝑧)/ 𝐸𝑠                                                                                                            (7.5)                                                                                                         

Where 𝛥 is mean radial displacement, 𝜎𝑧 is mean axial stress, υ poison`s ratio and 

Es is modulus of elasticity of the steel part. Now, the mean average axial stress for 

stiffened sleeve could be expressed in terms of the ultimate bond stress, fbu as 

following 

𝜎𝑧= fbu πrpL / (2πrsts + As)                                                                                                  (7.6)                                                                                                    

Where rp and rs are the radius of pile and sleeve respectively, ts is the wall thickness 

of sleeve, L is grouted length of the connection and As is the area of the stiffeners. 

 

Thus, the mean radial expansion due to axial stress can be gotten using the previous 

equations. 

𝛥´ s = rs [ Kn rp (𝑢𝑚 - 𝛥´) + υ fbu πrp /(2πrsts + As) ]/tsEs                                    (7.7)                                         

𝛥´ p = rp [ Kn rp (𝑢𝑚 - 𝛥´) + υ fbu L /2]/tsEs                                                                (7.8)                                                                  

 

Then, the mean expansion is as following equation 7.9. The sign in this equation was 

based on the sleeve being in compression and the pile in tension as the same loading 

in the Wimpey lab tests (Lamport 1988). 

𝛥´= 𝛥´
s +  𝛥´

p/2                                                                                                          (7.9)                                                                                                            

By solving 𝛥´ and substituting Equations 7.7 and 7.8 into Equation 7.9 

𝛥´ = (Kn 𝑢𝑚 + υ fbu Lrpθ /2)(2Es+ Kn γ)                                                                                 (7.10) 

θ = 
𝜋𝑟𝑠

(𝜋𝑟𝑠𝑡𝑠+
𝐴𝑠
2

)
 

γ= 
𝑟𝑠

2

𝑡𝑠
 + 

𝑟𝑝
2

𝑡𝑝
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By substituting equation 7.2 into Equation 7.10, the Chilvers equation for the 

ultimate bond stress capacity of the grouted connection can be presented by 

equation 7.11. 

fbu = 
2𝐸𝑠(μ𝑘𝑛 𝑢𝑚 + 𝜎𝑚

h

s
)+𝜎𝑚+ 𝑘𝑛 γh/s

2𝐸𝑠+ 𝑘𝑛 γ+μ𝑘𝑛υ(
L

D
)𝑟𝑝

2θ
                                                                                  (7.11)                                                                                

 

The coefficient of friction µ was determined from the series of pushout tests done by 

Chilvers 1984, which indicated that this value is 3 and the surface roughness 𝑢𝑚 for shot 

blasted tubes was calculated to be 2 mils. More details about the Chilvers equation can 

be found in Chilvers 1984 and Lamport 1988. The final equation after substituting the 

values from the series of pushout tests done by Chilvers can be expressed as following 

fbu = 
58000(552 + 14500

h

s
)+1.334∗ 106 γh/s

58000+ 92 γ+82.8(
L

D
)𝑟𝑝

2θ
                                                                    (7.12)                                                                      

7.2.3. Lamport  Model 

Lamport conducted an experimental program during his Ph.D. and after the 

experimental tests, Lamport did a sensitivity analysis using two constitutive 

relations model (Chan 1975 and Fardis 1983) to calculate the maximum capacity 

of the connection and compare it with his test results. Lamport model is one of the 

most widely known analytical models for grouted connections. As the previous 

models, the grout compression and the coulomb friction are the main mechanism 

of load transfer in the grouted connection. According to Lamport`s experimental 

tests, the grout between the compression struts were not damage because the 

normal and the frictional stress in this region were relatively low. Lamport 

assumed that all grout compressive struts are affected with equal ultimate load. 

This assumption enables the model to consist of only one strut so that the total 

load can be equal to the load per strut multipied by the number of the struts. Figure 

7.3 shows the idealized grout compression struts. In this model, all bending effects 

were neglected. Moreover, the width and inclination of the strut are assumed to be 
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controlled by the grout shear keys spacing and material compressive strength. The 

arrangement of shear keys in this model was half way.  

 Figure 7.4 shows the free-body diagram for figure 7.3, which shows forces acting 

on the idealized grout compression strut. The total strength of one strut Pi is equal 

to the summation of the forces due to the shear action Pk and the force due to 

coulomb friction Pf. 

Pi = Pk + Pf                                                                                          (7.13)                                                                                                     

 

The force due to the shear action can be calculated from a constitutive relation 

which will be discussed later. The force due to Coulomb friction Pf  is equal to the 

coefficient of friction multiply by the normal force. 

Pf = μ N                                                                                                          (7.14)                                                                                               

If the effects of bending are neglected, the normal compressive force can be 

calculated as shown in equation 7.15. 

N= Pk  (tg – h) / (tg  (tanα- μ))                                                                          (7.15)                                                                           

 

Where tg is the thickness of the grout and h is the height of the shear key. It is very 

clear that all unknown forces in these equations can be calculated, thus the total 

strength of the connection is equal to: P= ∑ 𝑃𝑖
𝑛
𝑖=1 , where n is the number of 

compression struts which is usually equal to the number of shear keys on the pile. 
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Figure 7.3: Idealized grout compression struts. (Lamport 1989) 

 

Figure 7.4: Forces acting on idealized grout compression strut. (Lamport 1989) 

 It can be seen that all the forces acting at the strut are functions of the shear action force 

Pk. Once Pk is calculated, the total loads acting the grouted connection can be obtained. 

To calculate Pk, the constitutive relation will be used. To use constitutive relations, a 

relationship between the applied load and the resulting stresses should be presented. 
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Under mentioned forces, a grout wedge will be formed to represent the failure region. 

The element in this region is subjected to high levels of triaxial stress. Figure 7.5 shows 

the state of stress on an element in this region.  

 

 

Figure 7.5: Elemental block showing stress – the state in grout wedge region of 

grout compression strut. (Lamport 1989) 

 

The normal stress  (longitudinal stress) σ33  is assumed to be constant along the height of 

the shear key and is equal to the force due to the shear action divided by the area over 

which the load acting on.  

σ33= Pk / A1                                                                                                             (7.16)                                                                                                            

σ11 and σ22 are the amount of radial and hoop stress and they are controlled by material 

properties, the radial stiffness,  grout strength and normal stress σ33  

 σ11 = f(k,Fcu , σ33 )                                                                                                    (7.17)                                                                                                      

σ22 = f(k,Fcu , σ33 )                                                                                                    (7.18)                                                                                                        

τ12 , Ҭ23  and Ҭ13 are shear stresses. τ 12 and  τ 23  are zero due to symmetry.  

τ 13 is a function of the area over which the shear in considered to act and the inclination 

angle  
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τ13 = P / A2                                                                                                               (7.19)      

                                                                                                          

The values of these stresses depend on their location in the grout, which assumed to be 

critical. Because of the combination of high shear and normal stresses, these stresses 

cause crushing of grout near to grout steel interface. Lamport assumed that a wedge must 

form before ultimate strength is obtained to make sure that the last point to form will be 

the most critical. If the shear stress is taken at the tip of the shear key, the value of normal 

stress at this position equal to applied load Pk divided by the bearing area under the shear 

key, which equals to: 

σ33 = Pk / (п(Rp + h)2 R𝑝
2 )                                                                                    (7.20) 

Conservatively, the corresponding average shear stress is taken constant in the region 

under shear keys as shown in equation 7.21. 

τ 13 = P / (п(Dp + 2h)(s/2-tg - tanα)                                                                            (7.21)                                                                              

P= 𝜇𝑁+Pk                                                                                                                                                                      (7.22)                                                                                                                                                                                

There are two unknown stresses (dσ11 , d σ22 ) and four unknown strains (dϵ11, dϵ22, dϵ33, 

dϵ13) at any level. Lamport assumed dϵ11 and dϵ22 to be zero to get an upper bound 

solution. This means that the pile and sleeve confining the grout are infinitely stiff. 

It can be seen that all the forces acting on the strut are functions of the shear action force 

Pk. Once the Pk is calculated, the maximum axial capacity the grouted connection can be 

predicted. Lamport used two models Chan 1975 and Fardis 1983 to calculate the 

maximum normal stress. 

7.3. Discussion of the analytical models 

Chilvers proved that Mark Blanford has overestimated the capacity of the connection. 

The idealization of the grout behavior which is governed by Von-Mises yield criterion 

might be the reason for the error in the ultimate grout capacity. Chilvers suggested for 

approximate allowance for the length effect 
𝐿

𝐷𝑝
 < 2 and 

ℎ

𝑠
  >2.  One of the considerable 

differences in Chilvers equation, from the previously analytical models is that it indicated 

a reduction in bond strength with increasing L/Dp and the presence of the geometric 
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parameter γ. Moreover, Chilvers equation suggests a degree of weakening with 

increasing scale, which was not considered before. One of the weaknesses or vitriol 

of Chilvers equation that is this equation can not show the reduction of strength 

for L/D < 2 because these reductions are believed to be due to end effects which 

were out the scope in the derivation of the equation. 

Lamport assumed that the behaviour of grout and concrete are the same under 

triaxial stresses states in order to use constitutive relations from concrete. The 

behaviour of the grout under the state of high triaxial stress is highly nonlinear and 

constitutive relations should account for this nonlinearity. Lamport used two 

models Chan 1975 and Fardis 1983 to calculate the maximum normal stress. 

Therefore, Lamport analytical model needs to redeveloped to account for the 

behaviour of ultra and high-performance grout because Chan 1975 and Fardis 

1983  constitutive relations were limited to normal concrete.  

 

7.4. Modelling of grouted connections using strut and shell 

models  

As alternative to non-linear FE analysis, strut and tie models can be used to 

model grouted connections. It is considered as one of the most useful design 

methods for shear critical structures as well as other disturbed regions in 

concrete structures.  The model was presented by Schlaich et al (1987) and 

contained in the texts by Collins and Mitchell (1991) and MacGregor (1992). 

The strut and tie model consists of three main components strut, tie rod and 

node. The strut represents the compression stress fields in the concrete while the 

tie rod represents the main reinforcing layer. More details about strut and tie 

model fundamentals can be found in Schlaich 2001. The strut and shell model 

can be used to capture the flow of forces and their distribution in the grout. In 

grouted connections, the load is transferred by diagonal compression struts 

between a pair of opposite shear keys through the grout material in order to 

reflect the vertical components of the force. The corresponding radial force 
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components of the inclined struts are transmitted to the steel shells as shown in 

figure 7.6, which shows the geometric diagonal compression struts with a shift 

of shear key rows by one half of the shear key spacing s.  

 

 

Figure 7.6:  Geometry (left) and loading (right) of the inclined compression strut 

in grouted connections (Fehling 2013) 

 

A separate local 2D non-linear FE analysis can be used in order to calculate the stiffness 

and the internal transverse splitting stresses of the inclined compression struts. Figure 7.7 

shows a typical result of the local 2D analysis assuming the plane stress state. 
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Figure 7.7: FE model including loading and support conditions. (Fehling 

2013) 

The lateral confinement in the grout, which comes from the pile and sleeve plays 

a great role in preventing splitting cracks. However, this roll can be less in the case 

of monopile structures, where bending dominates the loading. In this case, the 

ovalisation of the steel and loss of contact can be occurr very early and limited 

confinement effect could be expected. Nevertheless, in the eyes of the Fehling 

2013 model, it does not necessarily mean that the system has reached the ultimate 

load due to the formation of diagonal cracks propagating throughout the strut 

because another load-bearing mechanism with long steep-inclined compression 

struts can be developed. Figure 7.8 shows the geometry of the long steep-inclined 

compression struts.  Long steep-inclined compression struts skip one row of shear 

keys and with vertical projection of the strut length amounts to 3/2 s. 
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Figure 7.8: Geometry of the long steep-inclined compression struts. (Fehling 2013) 

 

7.5. Calculation of the Maximum Capacity from Empirical 

Design Equations 

The grouted connection failure is a complicated phenomenon, therefore, the 

empirical models are preferable more than theoretical solutions. There are many 

standards for grouted connections design, which depend on empirical and 

analytical approaches. The better standard formula should identify the most 

important factors affecting the maximum capacity of the grouted connection.  
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There are four widely known design standards:  API, HSE, DNV and NORSOK, 

which depend on empirical and analytical approaches. The grouted connection 

design basic for offshore wind turbine structures derived from the oil and gas 

industry. According to Tziavos 2016, there were implications in several wind 

farms for instance, settlements and abrasive wear due to sliding between the 

surfaces in contact was reported which means that the performance of the grouted 

connections was inadequate which means that the applicability of the current 

design codes should be evaluated. 

 

7.5.1. American Petroleum Institute Formulation 

It was common to use the grouted connection without shear keys during the 

development of the north see forties in 1970. Afterward, loads of offshore 

structures were increased and a new mechanism was used with shear keys. API is 

the first standard offering guidance on the design of grouted connections and it 

gives a limiting design bond stress of 26.7 psi.  (Krahl, Karasan, 1985) conducted 

a research to propose an equation for the calculation of axial load transfer in 

grouted connections with/without shear keys therefore 155 (71 without shear key 

+ 84 with shear keys) experimental tests for grouted connection were performed.  

The main goal of this research was to provide a rational basis for the grouted 

connection design with shear keys. This study is the basic for API equation and it 

maybe useful to go deep into the background of this equation to understand how 

it was developed. Mainly, the failure of the connection can occur due to crushing 

failure in the grout at the shear keys, the relative slippage between the pile and the 

grout and bond failure between pile and grout.  

According to the test's result, the failure of the connections occurs in a ductile behaviour 

therefore it was assumed that the ultimate axial load resistance is equal to the sum of the 

two terms of strength. The first term is the bond between the pile and grout, which occurs 
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due to adhesion / friction or both of them while the second term is the shear keys 

contribution.  

 

Pu=fPu πDP,L + nf*cu π(DP + h) h;                                                                              (7.23)                                                                             

n=L

S
                                                                             

Pu=fPu πDP,L + f*cu π(DP + h)hL

S
;                                                                              (7.24)                                                                                    

Where f*cu  is crushing strength of grout in connection 

The total axial load transfer stress equal to 

fb = 𝑷

𝝅𝑫𝑷 𝑳
                                                                                                                     (7.25)                                                                                                                                                                                                                                              

This stress includes the shear keys contribution in addition to adhesion and friction. The 

ultimate axial load transfer stress equal to 

fbu = 𝑃𝑢
𝜋𝐷𝑃 𝐿

= fpu  + (1+ ℎ

𝐷𝑃
)𝑓𝑐𝑢K ℎ

𝑆
                                                                                (7.26)                                                                         

where fpu is value of  fp  at P = Pu  , fp is the average bond stress between pile and grout 

due to adhesion and friction, K is a confinement factor and it is expected to be more 

than one and it is equal to 𝑓∗𝑐𝑢
𝑓𝑐𝑢

 

Generally, fcu and ℎ

𝑆
  are the major variables in the grouted connection design. According 

to many tests on grouted connection with shear keys, there are diagonal cracks across the 

grout material during the failure process. This crack involves either one-shear key or two-

shear keys. It depends on the distance between the shear keys over the width of the grout 

material (S/tg) therefore there are two cases (A and B) as shown in figure 7.9. 
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Figure 7.9: Diagonal cracking in grout. (Krahl 1985) 

In order to estimate the magnitude of confinement, the static equilibrium of the forces on 

the free-body diagrams is used for the two case as shown in Figure. (7.10), Fig (7.11) and 

fig. (7.12).  

Figure 7.10: Free body diagram of cracked annular grout (full ring with section shown) 

Case A- for larger values of S/tg. (Krahl 1985) 
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Figure 7.11: Free body diagram of cracked annular grout (full ring with section 

shown) Case B - for smaller values of S/tg. (Krahl 1985) 

 

 

Figure 7.12: Crushing forces in grout at shear connector on pile. (Krahl 1985) 

More details for this analysis are found (Krahl 1985). According to this analysis, f3 / F1 

equal to equation (7.27) and (7.28) for case A and B respectively. 

RA = 𝐹3
𝐹1

 = 
(𝐷𝑃+ℎ)(𝑡𝑔−ℎ) 

𝐷𝑃(
𝑠
2

−4ℎ−µ𝑡𝑔)
  for Case A                                                                             (7.27)                                                                      

RB = 𝐹3
𝐹1

 = 
(𝐷𝑃+ℎ)(𝑡𝑔−ℎ) 

𝐷𝑃(
3𝑠
2

−4ℎ−µ𝑡𝑔)
  for Case B                                                                           (7.28)                                                                                    
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where F1 is force acts over a radial distance h and F3 acts over an axial distance 4h 

It is well known from (Richart, Frank Erwin, et al 1928) that confining pressure of 1 psi 

increases the axial strength of the cylinder by 4.1 psi furthermore (Sims, Krahl, Victory. 

1966) proved experimentally that this relationship is valid for mortar and neat cement 

cylinders. 

Thus  f*
cu =  fcu + 4.1 fconf                                                                                           (7.29)                                                                                          

Where is fconf  confining pressure   

 As shown in Figure 7.12, F1 is force acts over a radial distance h. and F3 acts over an 

axial distance 4h.   

Thus F1 =h  f*
cu 

         F3 =4h  fconf 

R= 𝐹3
𝐹1

  = 4h  𝑓𝑐𝑜𝑛𝑓

h  𝑓∗𝑐𝑢
= 

4h  𝑓𝑐𝑜𝑛𝑓

h ( 𝑓𝑐𝑢 + 4.1 𝑓𝑐𝑜𝑛𝑓) 
                                                                           (7.30)                                                                            

Since   f*
cu =  fcu + 4.1 fconf 

Then R = 
4  𝑓𝑐𝑜𝑛𝑓

 𝑓𝑐𝑢 + 4.1 𝑓𝑐𝑜𝑛𝑓 
  → 𝑓𝑐𝑜𝑛𝑓 = 𝑅

4−4.1 𝑅
.𝑓𝑐𝑢                                                                (7.31)                         

Since K = is confinement factor and it is expected to be more than one =𝑓∗𝑐𝑢
𝑓𝑐𝑢

=
𝑓𝑐𝑢+4.1 𝑓𝑐𝑜𝑛𝑓

𝑓𝑐𝑢
 

Then K= 1+4.1 
𝑓𝑐𝑜𝑛𝑓

𝑓𝑐𝑢
                                                                                                  (7.32)                                                                                           

Since  𝑓𝑐𝑜𝑛𝑓 = 𝑅

4−4.1 𝑅
.𝑓𝑐𝑢                                                                                            (7.33)                                                                                         

Then K = 4

4−4.1𝑅
 

Then 

KA = 
4

4−4.1𝑅𝐴
                                                                                                              (7.34)                                                                                                         

KB = 
4

4−4.1𝑅𝐵
                                                                                                              (7.35)                                                                                                               

It is important to know that the values of R and K are not acceptable for all cases. 

K it expected to have positive values more than one. When K is acceptable values 
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between +1 and ∞, the R value will be between 0 < R < 4/4.1.  Krahl, Karasan 

calculated K from the 155 experimental test (71 without shear key + 84 with shear 

keys). According to equation (7.26), the major variables parameters are the 

compressive strength fcu and the shear keys geometry (h/s) in addition to 

coefficient (1 + h/Dp)K. The term (1 + h/Dp) is equal to approximately one 

because h is very small relative to the pile diameter Dp that means that this term 

may be dropped. All geometric properties of the grouted connection are known 

except μ the coefficient of friction. It can be taken as 0.7 according to ACI 318-

77 for concrete placed against as-rolled structural steel. After this assumption, the 

value of the coefficient K can be calculated for case A and case B from the 155 

tests.  There were 72 from the 84 experimental tests with sufficient data for 

calculating K. This group has s/tg ratio ranging from 2.50 to 13.33. The ratio from 

5.03-13.33 was considered as case A and the ratio from 2.50-3.33 was taken as 

case B. Unfortunately, there are not test values available for s/tg between 3.33 and 

5.03. Table 7.1 shows the results of these calculations. It is clear from this table 

that the value of K is approximately 1.73 there for the ultimate strength equation 

as in equation (7.36) 

fbu = fpu  + 1.73𝑓𝑐𝑢 ℎ

𝑆
                                                                                      (7.36)                                                                                                                                                                                     

To alternate the calculation constants, general equation form was assumed and the 

data from all 155 experimental tests were used to determine empirically the 

constants a and b in equation (7.37) 

fbu = a  + b  (𝑓𝑐𝑢 ℎ

𝑆
)                                                                                        (7.37)                                                                                                                                                                                       

According to the regression analysis for the tests, the values of a and b were 167 

psi (1.15 MPa) and 1.72 respectively. As shown in equation (7.38). This is the 

equation which used in API until now. 

fbu = 167 psi (1.15 MPa)  + 1.72  𝑓𝑐𝑢 ℎ

𝑆
                                                          (7.38)    
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Table 7.1 Values of R and K calculated from test data. (Krahl 1985) 

 

 

Figure 7.13 shows a plot of all the data and the major variables parameters fcu (h/s) with 

ultimate axial load transfer stress fbu. It is clear that there is a good agreement between 

the empirical coefficient of 1.72 lends credibility to equation (7.38). 

 

Figure 7.13. Measured Bond Strength versus Grout Compressive Strength Times 

Ratio of Height to Spacing of shear Connectors. (Krahl 1985) 
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To prove that the term a in equation (7.37) should be considered as constant and they are 

not a function of fcu, the results of the grouted connection without shear keys for 71 

experimental tests were analysed and plotted in Figure 7.14. It was found that it was not 

trend possible to identify a clear in the data. 

 

Figure 7.14: Measured bond strength versus grout compressive strength for tests 

of grouted tubular connection without shear Connectors. (Krahl 1985) 

Krahl and Karasan suggested allowable axial load transfer stress after additional 

statistical examinations of the experimental test data by the suggestion of 20 psi (0.138 

MPa)  for the constant a. This factor of safety was arbitrary but it was used successfully 

for a long time by API. For constant value, b was taken 0.5 as it was reasonable to the 

writers as shown in equation (7.39) 

fba = 20 psi (0.138 MPa) + 0.5  fcu h

S
                                                                        (7.39)                                                                      

Equation (7.38) is a linear equation with some limitations, which should be observed 

when designing a connection according to API. Those limitations are compressive 

strength of the grout, pile and sleeve geometry, grout annulus geometry, shear key 

spacing ratio, shear key ratio and shear key shape factor as shown in table 7.2 According 

to API, the shear keys should be one of the types indicated in Figure 7.15.  
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Figure 7.15:  Recommended Shear Keys Details. (API) 

Table 7.2: API limitations. 

Sleeve geometry 𝐷𝑠

𝑡𝑠
 ≤80 

Pile geometry 𝐷𝑝

𝑡𝑝
 ≤40 

Grout annulus geometry 7 ≥
𝐷𝑔

𝑡𝑔
 ≤45 

Shear key spacing ratio 2.5 ≥
𝐷𝑝

𝑠
 ≤8 

Shear key ratio ℎ

𝑆
 ≤0.1 

Shear key shape factor 1.5 ≥
𝑤

ℎ
 ≤ 3 

 

7.5.2. United Kingdom Department of Energy Formulation (Health and 

Safety Executive) 

In the 1970s, 400 experimental tests on grouted connection with/without shear keys with 

full scale and small scale were performed in Wimpey Laboratories which was 

commissioned by the united kingdom department of energy. The tests for grouted 

connection with shear keys were carried out to investigate the effect of grout strength, 

grout type, radial stiffness, shear key dimensions and length diameter ratio.  According 

to these tests, there was a parabolic relationship between bond strength, cube strength 

and adjusted in proportion to shear key dimensions as given in equation 

Fb = CK (h/s)  𝑓𝑐𝑢
0.5                                                                                                   (7.40)                                                                                                
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where C is a factor which depends on length diameter ratio L/d and K is the stiffness 

factor, which has a linear relationship with bond strength. 

The bond strength parameter  Fbu was developed and defined by 

Fbu = 
𝑓𝑏𝑢

160
 (

7260

𝑓𝑐𝑢
)0.5                                                                                                   (7.41)                                                                                                    

Where Fbu is dimensionless bond strength parameter,  𝑓𝑏𝑢 is the ultimate bond strength 

in psi and  𝑓𝑐𝑢 is the mean unconfined grout compressive strength in psi. 

According to Billington and Tabbet (Billington 1980), it was found that the relation 

between bond strength and cube strength could be presented by a parabolic relationship 

and the generalized grout bond formula equal to equation 7.42. 

Fbu =  KCL (ACs + B h/s)                                                                                          (7.42)                                                                                    

Where  

CL = Length coefficient as defined in UK Department  

Cs = Surface coefficient as defined in UK Department 

K = stiffness coefficient and it equal (7.43) 

K= 1/m (D/t)g 
-1 + |(D/t)s + (D/t)p|

-1                                                                                                                 (7.43)                                                                          

Where m is modular ratio (Es/Eg) 

A and B are constants determined from a least squares analysis of the data and they equal 

to 78 and 9468 respectively. Therefore the mean formula for the bond strength parameter 

equal to equation 

Fbu =  KCL (78Cs + 9468 h/s)                                                                                     (7.44)                                                                                  

By Substituting for Fbu from Equation 7.41 , the ultimate bond strength equal to equation  

fbu =  16KCL (9Cs + 1100 h/s) 𝑓𝑐𝑢
0.5                                                                           (7.45)                                                                     

The last equation is the mean equation for United Kingdom Department of Energy 

Formulation. 
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7.5.3 Det Norske Veritas (DNV) 

Det Norske Veritas (DNV) standard is considered as global provider of knowledge for 

managing risk. The DNV code is one of the most widely and the most detailed used to 

design grouted connections. The early code form DNV ( Rules for the Design and 

Construction of Fixed Offshore Structures) was published in 1977 but this code was 

replaced by another one in 1989. DNV may be the only or the first standard for the design 

of grouted connection considering the bending moment in the design equation but the 

bending moment design and the axial design were separately considered in the 

guidelines. DNV proposed a semi-empirical formula for bond strength for grouted 

connections based on a physical interpretation of the strength of grouted connections. 

The background for the equation was published in (Sele et al 1989).  DNV 2013 and 2014 

focuses on requirements for grouted connections formed by two structural steel 

components and the grout-filled space between those two steel components.  Figure 7.16 

shows the principle for grouted connections in monopole structures according to DNV 

2013 and 2014. The empirical formulas for characteristic interface shear capacity in DNV 

2014 are based on characteristic compressive strength on 75 mm cubes. 

 

 

Figure 7.16: The principle for grouted connections in monopole structures 

according to DNV 2013 and 2014. 
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DNV includes some design principles. One of the important guidance notes, which was  

added to DNV 2014 is that locating the transition piece inside the foundation pile instead 

of outside can protect the grout more from wave action and associated wash-out during 

the curing of the grout. In addition, special provisions for conical grouted connections in 

monopiles without shear keys were included in DNV 2014. Moreover, the design of 

grouted connections with shear keys divided into grouted connections in monopiles , 

jacket structures with post-installed piles and jacket structures with pre-installed piles. 

DNV 2013 equation is given by equation (7.46). 

τ = 
μ 𝐸

𝐹
 [

𝛿

𝑅𝑝
 + (

ℎ

21𝑠
  𝑓𝑐𝑢

0.4 √
𝑡𝑝

𝑅𝑝
 )

𝑠

𝐿𝑔
 N]                                                                              (7.46)                                                                          

µ = the friction coefficient of grout to steel interface 

E = modulus of elasticity for steel 

F = a radial flexibility factor 

F = flexibility factor = 
𝑅𝑝

𝑡𝑝
 + 

𝑡𝑔𝐸

𝐸𝑔𝑅𝑝
 + 

𝑅𝑠

𝑡𝑠
    

Because of observed settlements, this equation has been updated and the new equation 

based on the experimental and theoretical study of Billington 1980 was used to calculate 

the interface shear capacity. According to DNV 2014, the interface shear capacity can be 

taken as 

τ = [
800

𝐷𝑝
+ 140(

ℎ

𝑠
 )0.8 ] k0.6  𝑓𝑐𝑢

0.3                                                                                 (7.47)                                                                                      

7.5.4. NORSOK standard (ISO code)  

The equation of the shear strength in ISO 19902, which was developed by the Technical 

Committee 67 „Materials, equipment and offshore structures for petroleum, 

petrochemical and natural gas industries“  is identical to NORSOK N-004. This standard 

had a limitation geometric and limitation of concrete compressive strengths of less than 

80 N/mm². NORSOK standard recommended equation (7.48). The major difference in 

NORSOK standard is the presence of a scale factor for the diameter of the inner steel 

member.  This equation was based on the experimental and theoretical study done by 

Billington. 
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τ = Cp [2+ 140(
ℎ

𝑠
 )0.8 ] k0.6  𝑓𝑐𝑢

0.3                                                                                                                         (7.48)                                                                                                                                                                                                                                                                 

Where  

K= [(2RJL / tJL) + (2Rp / tp)] 
-1 + (Eg/E) [(2Rp-2tp)/tg]

-1      

Cp is the pile diameter scale factor and it is equal to : 

(Dp / 1000)2 – (Dp  /500) +2 for Dp  > 1000 mm 

1 for Dp ≥ 1000 mm 

The first part of this equation is for surface irregularity and the second part for capacity 

due to shear keys. According to NORSOK 2004, the shear key shall be a continuous helix 

or continuous hoop. Table 7.3 shows the limitation of NORSOK 2004. Figure 7.17 shows 

grouted connection with recommended shear keys details. 

 

 

 

Figure 7.17: Grouted connection with recommended shear keys details. 

(NORSOK 2004) 
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Table 7.3: Limitation of NORSOK 2004. 

80 MPa  ≥ fck ≥  20 Mpa 

0.1 ≥ h/s ≥ 0 

40 ≥ Dp/tp ≥  20 

140 ≥ Ds/ts ≥  30 

45 ≥ Dg/tg ≥  10 

0.02 ≥ k ---  

0.012 ≥ h/Dp ---  

16  ≥ Dp/s ---  

 --- ≥ Le/Dp ≥  1 

1.5  ≥ Cp ---  

 

NORSOK and ISO use the same equation for calculating the maximum capacity of the 

grouted connection but they have some difference in the limitations. Table 7.4 shows the 

limitation for grouted connection according to ISO. Moreover, ISO 2007 provides some 

detailing requirements for grouted connection for instance, the nominal width of the grout 

annulus shall be 40 mm or greater for a cement and water grout. 

Table 7.4: Limitation of ISO_19902_2007. 

1.5 ≤  w/h ≤  3 

0 ≤  h/s ≤  0.1 

20 ≤  Dp/tp ≤  40 

30 ≤  Ds/ts ≤   140 

10 ≤  Dg/tg ≤  45 

 --- h/Dp ≤  0.012 

 --- Dp/s ≤  16 

1 ≤  Le/Dp ≤   10 

--- Cp ≤  1,5 

--- K ≤ 0,02 

--- Dp/s 2,5 
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7.6. Comparison between different standards and test results 

In  most standards, the characteristic bond strength is proportional to the square root. The 

characteristic grout compressive strength is the main parameter used for defining the 

quality of the grout. Table 7.5 shows the evolution of grouted connections and 

standard codes. For more details about the efforts in this area, chapter two 

discussed this area.  

Table 7.5: Evolution of grouted connections and standard codes. (Tziavos 2016) 

 

Because of the scarcity of the experimental test data available, the most of design 

codes impose limits on grouted connection geometry, therefore, each standard has 

its own limitations as shown in table 7.6, which shows the limitations for the most 

widely known design standards. The applicability of the current design codes API, 

UKDE, NORSOK and DNV can be evaluated by comparison of bond stress 

between test results and prediction of these standards. 
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Table 7.6: Limitations as per different standards. (GL 2013) 

 

The experimental results which are given in chapter four, will be compared with different 

standards and equations that were discussed in this current chapter. Table 7.7 shows a 

comparison between design codes and test results. The result of the comparison shows 

that the design codes formulae for API  cannot be extrapolated to connection with UHPC 

and S2 Ducorit. API equation is a linear simple equation with some limitation which 

should be observed when API code is being used. Those limitations are compressive 

strength of the grout, pile and sleeve geometry, Grout annulus geometry, shear key 

spacing ratio, shear key ratio and shear key shape factor. API gives some 

recommendation for shear keys designed according to these equations and limitations for 

the connection component. Almost, shear keys were assumed to be bars welded to the 

surface or bead of weld metal deposited on the steel surface but in experimental tests, the 

shear keys were sculpted in both pile and sleeve which make the shear keys more strong 

in the test. API is very sensitive for the compressive strength, therefore, it has 

overestimated the connection SHC-20-N-Q0 and underestimated connection SHC-20-N-

S0 while there are small differences between them according to the results of the tests. 

As it was mentioned in chapter 6, the capacity of the connection does not depend only 

on average compressive strength but also depend on other properties of the grout and the 

steel part stiffness. Moreover, API equation cannot show the stiffness effect of the 

connection since this stiffness depends on the geometry of the steel parts which were not 

considered in the derivation of the equation. 
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  NORSOK and ISO use the same equation for calculating the maximum capacity of the 

grouted connection but they have some difference in the limitations.  Indeed, the main 

difference between the grouted connections standards is the limitations. ISO was 

conservative for the test with concentric and eccentric loading. There is not a significant 

difference between the test results and design codes formulae for ISO code which means 

that ISO code has a good agreement with the test results. Furthermore,  Chilvers equation 

may be the only equation, which suggested a degree of weakening with increasing scale.  

NORSOK and ISO use also scale factors for the diameter of the inner steel member as it 

was mentioned. 

Table 7.7: Comparison between design codes and test results. 

No 

  

Specimen 

  

fbu (N/mm²) 

Test API DNV-2013 ISO 

1 SHC-20-N-Q0 
18.68 21.14 29.41 23.56 

2 SHC-20-N-S0 
18.54 13.72 24.67 20.18 

3 SHC-20-N-Q1 
19.77 18.96 28.18 22.79 

4 SHC-20-E-Q1 
22.19 18.96 28.18 22.79 

5 SHC-30-N-Q1 
15.68 18.96 30.21 27.47 

6 SHC-20-N-Q2 
19.54 17.73 27.45 22.36 

7 SHC-30-N-Q2 
18.96 17.73 29.44 26.97 

8 LHC-20-N-S0 
25.82 13.72 26.05 20.18 

9 LHM-20-N-S0 
22.25 13.72 26.05 20.18 

10 LHUL-20-N-S0 
24.40 13.72 26.05 20.18 

11  LHC-20-E-C40 
17.46 4.90 16.39 13.04 

12  LHM-20-E-C40 
14.24 4.90 16.39 13.04 

13  LHUL-20-E-C40 
14.36 4.90 16.39 13.04 

14  LFC-20-N-S0 
21.84 13.72 26.05 20.18 
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DNV 2013 referenceed to NORSOK N-004 for the design of grouted connections in 

jacket structures. However, in DNV 2014, requirements for grouted tubular connections 

in jacket structures with shear keys were included. In DNV 2014, the design of grouted 

connection with shear keys divided into grouted connections in monopiles, jacket 

structures with post-installed piles and jacket structures with preinstalled piles. DNV 

2013 focused on the conical grouted connections without shear keys and connections 

subjected to axial load and torque. DNV-OSJ-101 and GL Renewables Certification are 

the only standards tailored specially for grouted connection in offshore wind turbine 

structures. It can be inferred from the observation of standards that for design-grouted 

connection, it is not preferred to mix design rules from different standards. One of the 

major differences of DNV standard, from the previously discussed is the presence of 

effective spring stiffness for the shear keys keff  and width of shear key. DNV 2013 is 

very sensitive for the friction coefficient of grout to steel interface for instance, if the 

friction coefficient changes from 0.3 to 0.7, the value of fbu will be double. Although the 

FE model indicates the friction coefficient can play a role in increasing fbu but not a huge 

role as DNV 2013 assumes. 

For specimen SHC-20-E-Q1, all standards have the same prediction value of specimen 

SHC-20-N-Q1 since they do not take into account the parameter eccentricity of axial 

force. DNV may be the only or the first standard for design grouted connections 

considering the bending moment in the design equation but the bending moment design 

and the axial design were separately considered in the guidelines. For specimen SHC-30-

N-Q1, standards DNV 2013 and ISO are sensitive for the thickness of the grout since tg 

is a term in calculation of k value in ISO. In addition, it plays a role in the calculation of 

the flexibility factor in DNV 2013. Furthermore, all standards do not make difference in 

prediction of the bond strength for difference arrangement for specimens LHC-20-N-S0,  

LHM-20-N-S0, LHUL-20-N-S0 and LFC-20-N-S0 since all standard assumed constant 

shear key spacings along the grout length with half way arrangement. Likewise, LHC-

20-N-C40,  LHM-20-N-C40 and LHUL-20-N-C40 which have different arrangement 

with eccentric loading.  It is very clear from the table that API, HSE and ISO standards 

are not appropriate for the design of grouted connections subjected to eccentric loading.
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CHAPTER 8 

CONCLUSIONS 

8.1. Overview 

The main objective of this thesis was to contribute towards enhancing the offshore wind 

turbine structures capacity by investigating the behaviour of grouted connection under 

different parameters such as study the behaviour of grouted connection under eccentric 

loading, using different grout, different arrangement of shear keys and different grout 

thickness. To achieve the specific objective, a comprehensive literature review of the 

grouted connection was discussed in addition to an experimental program which was 

conducted. Results of a selected set of tests were used as a reference to validate the finite 

element model. Afterwards, the result of the experimental tests and the finite element 

model were analysed and discussed. Furthermore, the design codes applicability was 

evaluated using the result of the tests. 

 

8.2. Achievements of the thesis 

Based on the results of the test program and the finite element model, conclusions can be 

made with regard to the important achievements of this thesis. The key findings, 

achievements and developments of this thesis are: 

 Chapter 2 presented a review of academic literature for grouted connection, grout 

materials and the history of the connection. From the reviewed publications, it is 

evident that the most important parameters, which affect the grouted connection 

maximum capacity are: the grout material, the stiffness of the grout, application 

of mechanical shear keys, grouted length to pile-diameter ratio and the steel tubes. 

 One of the aims of the work described in chapters three, four, five and six is to 

give a significant first step towards optimising grouted connections standards and 

provide a contribution to summarize the existing knowledge so that it may be 

used as a basis for grouted connection design. 
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 Even though grouted connection standards like API and UKDE have been 

available since the 1970s, it was found that these standards could be not 

applicable to connections with high strength such as HPC and UHPC with fibers. 

In chapters 3,4 and 6 the effect of using different grout materials on the behaviour 

of the connection was discussed and analysed. For the comparison between the 

specimens with steel fiber volume for both grout thickness 20 and 30 mm, the 

specimen with steel fibers  2% vol. exhibited a higher strength enhancement. 

Moreover, the initial stiffness is quite similar for all specimens containing fibers 

independent of the ratio. In addition, adding steel fibers or increasing the steel 

fiber volume from 1% to 2% result in small improvements in the pre-peak and 

post-peak response for grouted connection with thickness of a 20 mm while  

increasing in the steel fiber volume from 1% to 2% for grouted connection with 

30 mm result in a noticeable improvement in the pre-peak and post-peak 

response. 

 As a means for grouted connection design, the compressive strength of the grout 

plays a great role in determining the connection capacity in all grouted connection 

standards. However, from the result of the test, the capacity of the connection 

does not depend only on average compressive strength but also depend on other 

properties of the grout e.g. tensile strength, flexural strength and the full 

behaviour of the grout under compression and tension load. 

 The effect of the the most important parameters on the behaviour of the 

connection was analyzed and discussed in details in chapter 6. Table 8.1 shows a 

summary of the parameters that affect the grouted connections behaviour. 
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Table 8.1: A summary of the parameters that affect the grouted connections behaviour. 

Parameter Specimens Effects 

Type of grout SHC-20-N-S0 

SHC-20-N-Q0   

No significant difference in the ultimate strength or the 

initial stiffness for specimens with 20 mm of grout. 

Type of loading  SHC-20-N-Q1 

LHC-20-E-Q1 

The mechanism of failure is changed as it was 

described in chapter 6.3. A noticeable increase in the 

ultimate load with the eccentric loading was recorded. 

The thickness of 

the grout  

SHC-20-N-Q1 

SHC-30-N-Q1 

SHC-20-N-Q2  

SHC-30-N-Q2 

Increasing the thickness of the grout with reducing the 

pile diameter does not enhance the performance of 

connections.  

Fiber ratio  SHC-20-N-Q0 

SHC-20-N-Q1 

SHC-20-N-Q2  

The stiffness of the connections is affected by the fiber 

ratio. A significant increase in ultimate load and 

ductility for specimens with 30 mm grout thickness 

was recorded 

Shear 

keys  numbers 

SHC-20-N-S0 

LHC-20-N-S0 

The ultimate load and overall grouted connection 

behaviour are affected. 

Arrangement of 

shear keys  

LHC-20-N-S0 

LHM-20-N-S0 

LHUL-20-N-S0 

The ultimate strength and the initial stiffness of the 

connections are affected as it was described in chapter 

6.7. 

Relative shear 

keys location  

LHC-20-N-S0 

LFC-20-N-S0 

The ultimate load and the overall grouted connection 

behaviour are affected. The arrangement of shear keys 

face to face effect the maximum capacity of the 

connection by about 15%. 

 

 The result of the tests shows that increasing the thickness of the grout with 

reducing the pile diameter has negative effect on the performance of the grouted 

connection.The thickness of the grout was increased from 20 mm to 30 mm in 

tests in group two and three. This increase lead to less capacity. This result was 

obtained because of the fact that the lateral confinement in the grout, which comes 

from the pile and sleeve, plays a great role in the capacity of the connection. 

 In the short connection with 20mm thickness of grout, the influence of the 

compressive strength of the grout was small while the influence of the 

compressive strength of the grout was quite bigger when the thickness of the grout 

was increased up to 30 mm. 

 There is a noticeable increase in ultimate load with the eccentric loading, thus 

indicating that the loading with eccentricity seems to have more capacity than 

concentric loading because of the mentioned reasons in chapter 6. Nevertheless, 

in terms of long connections, there was an increase in capacity with the using of 

arrangement C 
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 Regarding to experimental test program in chapter three, it is the first known 

programme to have investigated the arrangement of the shear keys as it described 

in this chapter.  

 The experimental test results show that it is better to have the current arrangement 

of shear keys for cases of concentric loading. However, for eccentric loading, 

there is a noticeable increase in the capacity of the specimen with arrangement C, 

thus indicating that the current arrangement seems to have  more effect with such 

small eccentricity and the mentioned steel thickness. Nevertheless, the specimens 

with arrangement M have more ductility than the specimens with arrangement C. 

Moreover, arrangement M does not show inclination of the pile relative to the 

sleeve, which means that it can be more effective of some cases as it was 

discussed. It can be inferred from this observation that using the current 

arrangement with concentric and eccentric loading may give the highest ultimate 

load. Nevertheless, as it was discussed in chapter  6.7 and 6.8, for the different 

arrangement with concentric loading, the ultimate ductility for arrangement M 

(μu = 6.24) is more than arrangement C (μu = 3.39 ) while for different 

arrangement with eccentric loading, arrangement UL (μu = 12.40) has more 

ultimate ductility than arrangement C (μu = 6.92) according to the definition of 

the ductility in chapter 4.11. Moreover, arrangement M is more stable for 

concentric and eccentric loading respectively and the difference in the capacity 

between arrangement C and M is not high especially for concentric loading. More 

details and discussion about the stresses in steel parts with a different arrangement 

of shear keys were discussed in part of stresses in the steel part. 

 In order to study the weakest possible arrangement of shear keys, the face-to-face 

arrangement was studied because it is difficult to control the relation between pile 

and sleeve shear keys in actual offshore structures installation. Comparing 

specimens LHC-20-N-S0 and LFC-20-N-S0 indicate that the arrangement of 

shear keys face to face affects the maximum capacity and leads to a reduction by 

about 15%. In other words, if the shear keys are not located halfway between 

those of the pile and sleeve, and if they are arranged to be opposite to each other 

(face to face), the loss of the ultimate load capacity is less than 15%. 

 Based on the experimental program result, a numerical model was developed and 

validated by ATENA GID. This program enables realistic simulation of the real 
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structural behaviour including crushing, grout cracking, steel part yielding and 

interface contact between the steel part and the grout. The result of this numerical 

model can be used during the preliminary design for the grouted connection to 

evaluate the connection behaviour. 

 The stresses in the steel part are analysed by the strain gauges result as well as 

the finite element model. The discussion indicates that the upper and intermediate 

shear key at peak load has the most equivalent stresses as shown in figure 6.15 C. 

This result agrees with the finite element result which indicates that the maximum 

von Mises stresses are at the upper part of the pile and at the bottom part of the 

sleeve at the area of shear keys two and three as shown in figure 6.16.  For the 

different arrangements of shear keys, the distributions of von Mises stresses are 

increased in nonlinear stage than elastic stage and it is more uniform in 

arrangement C. Furthermore, the last shear kay in the connection is out of work 

early in arrangement C and M while it takes more role for arrangement UL. 

Moreover, the part above the first shear key in the sleeve and the part under the 

last shear kay in the pile can be reduced to the minimum.   

 As a result of the finite element modelling, the approach of a plastic (constant) 

shear stress distribution over the length of the grouted connection is not 

appropriate after the cracks spread. 

 According to failure mode of specimens discussion, it can be inferred from the 

observation of steel part after being removed that the compression struts did not 

cause shear failure at the shear keys which indicates that the failure was due to 

failure of the grout because of decreasing of confinement of the steel parts. It can 

be seen from the overall result for all program tests that specimens failure was of 

the type normally associated with the grouted connection.  

 Based on the observation of the test program results as well as finite element 

modelling , a simplified load-displacement curve for long and short connections 

was suggested.  the complete load displacement of the short specimen and long 

specimen under the limitation and conditions of the test program can be mainly 

defined by five parts for short specimens and three parts for the long specimens. 

The short connection consists of five main stages: elastic stage, stable crack stage,   

crushing stage, successive crack stage and unstable crack while the long grouted 

connection behaviour consists of three main stages elastic stage, stable crack and 
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unstable crack. This simplified curve is in good agreement with the test result 

curves. 

 Until now, a recognised design concept for grouted connections with UHPC with 

fibers is not rendered.  Chapter 7 provided a brief discussion on different 

standards and analytical models to discuss their applicability to represent the most 

important parameters that affect the capacity of the connection and this discussion 

provides some justification for a reassessment of the limits for these standards. 

 A review of design standards shows that there is a bad need for more experimental 

test data to assure reliable design with respect to all failure modes. Because of the 

scarcity of the experimental test data available, most of the design codes impose 

limits on grouted connection geometry. The result of this thesis can help to 

improve the limitation of the connection geometry. 

8.3. Limitations of the study 

It is well known that any research project has some limitations and is bound to uncover 

issues, which need to be more investigated further. This thesis considers only the area of 

the grouted connection and had not addressed the design of the pile, sleeve, design issues 

related to the installation of the connection, foundation or structures above the 

connection. Moreover, this thesis focuses only on the Ultimate Limit States, therefore, 

Fatigue Limit States (FLS) is not within the scope of this thesis. Likewise, the vertical 

shear keys were not included in the study since the torsion force is almost low for the 

most of wind turbine structures. Significant torsion forces can arise e.g. for post piled 

jackets because there is a significant offset between the jacket legs and the pile. 

Generally, the results confirmed the increase in the connection capacity with using 

UHPC, increasing the length of the connection, increasing of shear key numbers, loading 

with eccentricity and arrangement of shear keys, however the range of parameters was 

not sufficient to investigate the trends thoroughly.  It maybe quite difficult to provide 

firm design recommendations based on the above experimental program. However, it 

gives a good understanding of the behaviour of the connection especially with different 

grout materials, different arrangement of shear keys and different grout thickness. 
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8.4. Recommendation for future work 

This thesis reported herein is aimed at studying the behaviour of the grouted connection 

and demonstrating the effect of some important parameters, therefore, this thesis is not 

the exception, as a number of issues have been identified to improve the ways of 

methodology. As it was mentioned, this research has some limitations because of the 

time and the capacity of the lab and the working. Consequently, there are some topic 

should be recommended for future work. This topic can be summarized in the following 

points:   

 It is suggested from the importance of fatigue limit states that experimental test 

on a long connection with different shear keys arrangements under fatigue 

loading (cyclic loading) can be conducted. 

 Shrinkage of the grout has a significant effect on bond strength. Tests should be 

carried out to investigate the behaviour of expansive grouts in a confined case 

representative of that in grouted connection as it recommended by  C. J. 

Billington and H.G. Lewis. 

 From the reviewed publications in chapter two, it is evident that the researches 

on the behaviour of grouted connections with UHPG or UHPG with fibers are not 

sufficient. More investigations should be conducted on the behaviour of the 

connection with  UHPC with fibers. For instance, further testing should be 

performed to examine the results of the long grouted connection with UHPC. 

Further research is required to complete the understanding of the effect of the 

steel fiber on the behaviour of the long grouted connection. 

 The study of shear keys shape is, however, not within the scope of this thesis, but 

should be considered experimentally for future work related to grouted 

connection. A detailed analysis of shear keys shape by ATENA GID could be 

carried out. 

 Similar experimental tests can be conducted with a large number of specimens 

and then it can be modeled by nonlinear FE models, e.g. ATENA GID to study 

the effect of thickness of the grout with increasing the sleeve diameter. 

 It has been proven from the experimental test in chapter 3, 4 and 6  that the 

ductility and capacity of grouted connections can be highly enhanced by 

increasing the confinement of the steel part. Therefore, an experimental test 
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program to increase the confinement of the steel by vertical webs or by other 

method can be conducted. 

 Lamport used two models, Chan 1975 and Fardis 1983, to calculate the maximum 

normal stress in his analytical model.  Lamport nalytical model needs to be 

redeveloped to account for the behaviour of Ultra and high-performance grout 

because Chan 1975 and Fardis 1983 constitutive relations were limited to normal 

concrete. By doing this, the maximum capacity of the grouted connection with 

UHPC can be correctly calculated. 
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M3Q, 0% 

Mischung: M3Q_210_Anpassung    
Projekt: A. Aboubakr PhD     

Untersuchungen:       

Probekörper: Group1 Mix 2     

Interne Nr.:       

Fasercocktail 1 2 3 

Fasergehalt in Vol-
% 0 0 0 

Faserart  Stahl 0 0 

Faserdurchmesser 
[mm] 0,19 0 0 

Faserlänge [mm] 9 0 0 

Faserrohdichte 7,85 0 0 

Porenraum in Vol-
% 1,5    

Mischvolumen in 
Liter 70,0    

FM-
Wirkstoffgehalt in 
% 68    

FMW/b-Gehalt in 
% 1,000 1,000   

w/z-Wert 0,255    

w/b-Wert 0,210 0,210   

m/b-Gehalt 0,175    

Ausgangsstoff Volumen [dm³] Masse [kg] Dichte 
[kg/dm³] 

Wasser 197,90 197,90 1,00 

Porenraum 15,01 - - 

Bindemittel   

CEM I 52,5R HS-
NA (Holcim Sulfo) 

256,58 795,40 3,10 

Sika Silicoll 
unkompaktiert 

 

76,64 168,60 2,20 
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Zusatzmittel   

Sika Viscocrete 
2810 

13,25 14,18 1,07 

        

Zuschlag / 
Zusatzstoffe 

  

Quarzmehl W12 74,87 198,40 2,65 

Quarzmehl W3 0,00 0,00 2,65 

Quarzsand 
0,125/0,5 

366,42 971,00 2,65 

Basaltsand 
0,125/0,5 

0,00 0,00 3,00 

Basalt 2/5 0,00 0,00 3,00 

Basalt 5/8 0,00 0,00 3,00 

Fasern   

Stahlfasern 
0,19mm/9mm 

0,00 0,00 7,85 

0fasern 0mm/0mm 0,00 0,00 0,00 

0fasern 0mm/0mm 0,00 0,00 0,00 

Summe: 1000,66 
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Ausgangsstoff Volumen [dm³] Masse [kg] Dichte 
[kg/dm³] 

Wasser 13,844 13,844 1,00 

Porenraum 1,050 - - 

Bindemittel   

CEM I 52,5R HS-
NA (Holcim Sulfo) 

17,949 55,641 3,10 

Sika Silicoll 
unkompaktiert 

5,361 11,794 2,20 

Zusatzmittel   

Sika Viscocrete 
2810 

0,927 0,992 1,07 

0 0,000 0,000 0,00 

Zuschlag / 
Zusatzstoffe 

  

Quarzmehl W12 5,237 13,879 2,65 

Quarzmehl W3 0,000 0,000 2,65 

Quarzsand 
0,125/0,5 

25,632 67,925 2,65 

Basaltsand 
0,125/0,5 

0,000 0,000 3,00 

Basalt 2/5 0,000 0,000 3,00 

Basalt 5/8 0,000 0,000 3,00 

Fasern   

Stahlfasern 
0,19mm/9mm 

0,000 0,000 7,85 

0fasern 0mm/0mm 0,000 0,000 0,00 

0fasern 0mm/0mm 0,000 0,000 0,00 

Summe: 70,000 164,075   
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M3Q, 1% 

Mischung: M3Q_210_Anpassung 10.09.2018 

Projekt: 
A.Aboubakr 

PhD     

Untersuchungen: 11.09.2018       

Probekörper: SHC-20-N-Q1, SHC-20-E-Q1 und SHC-30-N-Q1   

Interne Nr.: M3Q, 1%       

Fasercocktail 1 2 3 

Fasergehalt in Vol-% 1 0 0 

Faserart  Stahl 0 0 

Faserdurchmesser [mm] 0,19 0 0 

Faserlänge [mm] 9 0 0 

Faserrohdichte 7,85 0 0 

Porenraum in Vol-% 1,5    

Mischvolumen in Liter 70,0    

FM-Wirkstoffgehalt in % 40    

FMW/b-Gehalt in % 1,000 1,000   

w/z-Wert 0,255    

w/b-Wert 0,210 0,210   

m/b-Gehalt 0,175    

Ausgangsstoff Volumen 
[dm³] 

Masse [kg] Dichte [kg/dm³] 

Wasser 187,98 187,98 1,00 

Porenraum 15,15 - - 

Bindemittel   

CEM I 52,5R HS-NA (Holcim 
Sulfo) 

256,58 795,40 3,10 

Sika Silicoll unkompaktiert 76,64 168,60 2,20 

Zusatzmittel   

Sika Viscocrete 2810 22,52 24,10 1,07 

        

Zuschlag / Zusatzstoffe   

Quarzmehl W12 74,87 198,40 2,65 

Quarzmehl W3 0,00 0,00 2,65 

Quarzsand 0,125/0,5 366,42 971,00 2,65 

Basaltsand 0,125/0,5 0,00 0,00 3,00 

Basalt 2/5 0,00 0,00 3,00 

Basalt 5/8 0,00 0,00 3,00 

Fasern   

Stahlfasern 0,19mm/9mm 10,10 79,31 7,85 

0fasern 0mm/0mm 0,00 0,00 0,00 

0fasern 0mm/0mm 0,00 0,00 0,00 

Summe: 1010,26  
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Ausgangsstoff Volumen 
[dm³] 

Masse [kg] Dichte [kg/dm³] 

Wasser 13,025 13,025 1,00 

Porenraum 1,050 - - 

Bindemittel   

CEM I 52,5R HS-NA (Holcim 
Sulfo) 

17,778 55,113 3,10 

Sika Silicoll unkompaktiert 5,310 11,682 2,20 

Zusatzmittel   

Sika Viscocrete 2810 1,561 1,670 1,07 

0 0,000 0,000 0,00 

Zuschlag / Zusatzstoffe   

Quarzmehl W12 5,188 13,747 2,65 

Quarzmehl W3 0,000 0,000 2,65 

Quarzsand 0,125/0,5 25,389 67,280 2,65 

Basaltsand 0,125/0,5 0,000 0,000 3,00 

Basalt 2/5 0,000 0,000 3,00 

Basalt 5/8 0,000 0,000 3,00 

Fasern   

Stahlfasern 0,19mm/9mm 0,700 5,495 7,85 

0fasern 0mm/0mm 0,000 0,000 0,00 

0fasern 0mm/0mm 0,000 0,000 0,00 

Summe: 70,000 168,011   
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M3Q 2% 

Mischung: M3Q_210_Anpassung 05.11.2018 

Projekt: 
A.Aboubakr 

PhD     

Untersuchungen: 11.09.2018       

Probekörper: SHC-20-N-Q1, SHC-20-E-Q1 und SHC-30-N-Q1   

Interne Nr.: M3Q, 2%       

Fasercocktail 1 2 3 

Fasergehalt in Vol-% 2 0 0 

Faserart  Stahl 0 0 

Faserdurchmesser [mm] 0,19 0 0 

Faserlänge [mm] 9 0 0 

Faserrohdichte 7,85 0 0 

Porenraum in Vol-% 1,5    

Mischvolumen in Liter 70,0    

FM-Wirkstoffgehalt in % 40    

FMW/b-Gehalt in % 1,000 1,000   

w/z-Wert 0,255    

w/b-Wert 0,210 0,210   

m/b-Gehalt 0,175    

Ausgangsstoff Volumen 
[dm³] 

Masse [kg] Dichte [kg/dm³] 

Wasser 187,98 187,98 1,00 

Porenraum 15,31 - - 

Bindemittel   

CEM I 52,5R HS-NA (Holcim 
Sulfo) 

256,58 795,40 3,10 

Sika Silicoll unkompaktiert 76,64 168,60 2,20 

Zusatzmittel   

Sika Viscocrete 2810 22,52 24,10 1,07 

        

Zuschlag / Zusatzstoffe   

Quarzmehl W12 74,87 198,40 2,65 

Quarzmehl W3 0,00 0,00 2,65 

Quarzsand 0,125/0,5 366,42 971,00 2,65 

Basaltsand 0,125/0,5 0,00 0,00 3,00 

Basalt 2/5 0,00 0,00 3,00 

Basalt 5/8 0,00 0,00 3,00 

Fasern   

Stahlfasern 0,19mm/9mm 20,41 160,25 7,85 

0fasern 0mm/0mm 0,00 0,00 0,00 

0fasern 0mm/0mm 0,00 0,00 0,00 

Summe: 1020,73  
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Ausgangsstoff Volumen 
[dm³] 

Masse [kg] Dichte [kg/dm³] 

Wasser 12,891 12,891 1,00 

Porenraum 1,050 - - 

Bindemittel   

CEM I 52,5R HS-NA (Holcim 
Sulfo) 

17,596 54,547 3,10 

Sika Silicoll unkompaktiert 5,256 11,562 2,20 

Zusatzmittel   

Sika Viscocrete 2810 1,545 1,653 1,07 

0 0,000 0,000 0,00 

Zuschlag / Zusatzstoffe   

Quarzmehl W12 5,134 13,606 2,65 

Quarzmehl W3 0,000 0,000 2,65 

Quarzsand 0,125/0,5 25,128 66,590 2,65 

Basaltsand 0,125/0,5 0,000 0,000 3,00 

Basalt 2/5 0,000 0,000 3,00 

Basalt 5/8 0,000 0,000 3,00 

Fasern   

Stahlfasern 0,19mm/9mm 1,400 10,990 7,85 

0fasern 0mm/0mm 0,000 0,000 0,00 

0fasern 0mm/0mm 0,000 0,000 0,00 

Summe: 70,000 171,839   
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Strain Gauges 
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