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Abstract

Seawater mixed neat ordinary Portland cement (OPC) has been used to connect tubular 

members of offshore structures since the 1940s in the Oil and Gas industry. More recently 

seawater mixed neat OPC has been used to connect the foundation piles of offshore wind 

turbine jacket structures, some of these structures are now since over 10 years in operation. 

The design of these connections was carried out mostly using design guidance stipulated in 

ISO 19902 or DNVGL Certification Guidelines. Despite the vast amount of documented 

background data substantiating these codes, it was to date not possible to readily carry out 

or certify design in accordance with the Eurocode design family, although constituent mate-

rials OPC CEM I and seawater as a mixing water are defined in EN 206 and EN 1008. The 

use of neat seawater cement grout, i.e. without any aggregates, is not covered in EN 1992 as 

a primary load carrying material. The aim of this work is to give comprehensive guidance 

for a Eurocode compliant design of concentric subsea connections grouted with seawater 

mixed neat OPC and subject to static and cyclical axial load with coexisting bending.

All critical elements of the semi-probabilistic design framework, consisting of material 

models of the constituent and mixed materials, durability considerations, parameters affect-

ing the performance of the assembled connection and the structural stress model, are criti-

cally reviewed. Guidance is based on a statistical analysis of over 500 material property tests 

carried out to investigate all main material parameters required for design and execution. In 

this work the results are compared to relevant parameter descriptions of EN 206 and EN 

1992 and are integrated into a guidance to use of these formulae based on statistical analysis. 

Durability aspects such as sulphate and chloride resistance are examined under consideration 

of the high heat of hydration. The validation of ISO 19902 design rules for large annuli 

connection is reviewed and fatigue guidance is compared to recent historic data points from 

over 200 static and cyclic large- and full-scale assembly tests, including a limited number of 

submerged cyclical tests. 

A three-dimensional stress model, based on Lame’s equation is derived akin to inter-

ference fit assemblies. The model is integrated into EN1992 verification rules, to assess de-

sign resistance capacity. 

Finally, the Eurocode compliant simplified design approach is compared in a param-

eter study with the substantiated ISO 19902 design formulae to test and validate the ap-

proach. The reliability levels related to the proposed design formulae are statistically vali-

dated following the guidance of DIN EN 1990 Appendix D for design assisted by testing 

using available data base of more than 200 large-scale tests.



7

Kurzfassung

Bereits in den allerersten Offshore-Ölplattformen kamen schon Zementleimverbin-

dungen aus mit Meerwasser angemachten Portlandzement zum Einsatz, um Stahlrohrramm-

pfähle mit den Stahlrohrgitterstrukturen zu verbinden, wenn zunächst auch ohne lastabtra-

gende Funktion. In der jüngeren Vergangenheit wurden lastabtragende Verbindungen aus

meerwasserbasierter Zementleim eingesetzt, um Gründungsstrukturen von Offshore-Wind-

turbinen mit Rammpfählen zu verbinden. Einige dieser Verbindungen sind nun mehr als 10 

Jahre erfolgreich im Einsatz. Die Bemessung und Nachweisführung dieser Verbindungen 

folgte dabei meist den Richtlinien in ISO 19902 oder den Zertifizierungsvorschriften der 

Klassifizierungsgesellschaften wie z.B. DNVGL. Trotz einer großen Datenmenge an veröf-

fentlichten und zum Teil unveröffentlichten Testergebnissen, welche den genannten Regel-

werken zu Grunde liegen, war es meist nicht ohne weiteres möglich die Nachweisführung 

in das Regelwerk der Eurocode-Normenhierarchie einzugliedern. Insbesondere besteht ein 

wesentliches Hindernis darin, dass EN 1992 meerwasserbasierten Zementleim, d.h. ohne 

jegliche Feinkorn- oder Grobkornzuschläge, nicht als lastabtragendes Baumaterial umfasst, 

obwohl die Einzelbestandteile wie OPC CEM I und Meerwasser als Anmachwasser in EN 

206 and EN 1008 beschrieben sind. Das Ziel dieser Arbeit besteht folglich darin, umfassende 

Anwendungshinweise für eine Nachweisführung und Ausführung zu geben, welche sich in 

das Sicherheitskonzept und Normengerüst der Eurocodes eingliedern lassen. Die Hinweise 

richten sich dabei vor allem an konzentrischen Rohrverbindungen über und unter Wasser 

mit meerwasserbasiertem OPC Zementleim, welche vorwiegend axial statisch wie auch zyk-

lisch beansprucht sind. Der Einfluss von mitwirkenden Biegemomenten, zyklischer Bean-

spruchung sowie die hohen Hydrationstemperaturen wird im Rahmen von praxisorientierten 

Größenordnungen berücksichtigt. 

Die kritischen und maßgebenden Komponenten für eine semi-probabilistische Nach-

weisführung wie Normenhierarchie, Strukturspannungsmodelle, Stoffmodelle der Einzelbe-

standteile und des gemischten Materials, Dauerhaftigkeitsanforderungen sowie relevanter 

Parameter, die die Wirkungsweise der Einzelkomponenten in der zusammengesetzten Ver-

bindung beeinflussen, werden kritisch hinterfragt und evaluiert. Die Hinweise stützen sich 

auf die statistische Analyse von über 500 Einzelprüfungen verschiedener Materialeigen-

schaften und über 200 Prüfergebnissen großformatiger Bauteilversuche. Die Arbeit ver-

gleicht und integriert die Ergebnisse mit den relevanten Parametern, Werten, Materialbezie-

hungen und Hinweisen in EN 206 und EN 1992. Die Übertragbarkeit der Bemessungshin-

weise in ISO 19902 auf Verbindungen mit großen Ringspalten wird durch einen Vergleich
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von historischen mit kürzlich ermittelten Prüfergebnissen validiert und in die Hierarchie des

Eurocode eingebettet. Diese Daten umfassen dabei statische, zyklische, zyklische Frühbe-

lastungs- und Unterwasserversuche an großformatigen Prüflingen im 1:1 und 1:2 Maßstab.

Schließlich leitet diese Arbeit ein dreidimensionales Strukturspannungsmodel basie-

rend auf von Ansätzen von Lamés Gleichungen her, und ermöglicht dadurch eine Nachweis-

führung basierend auf Eurocode. Mittels einer Parameterstudie werden die so ermittelten 

Werte zur Begrenzung der Mantelflächenspannungen, mit denen gemäß ISO 19902 vergli-

chen, um den Ansatz zu validieren. Der Nachweis der Erfüllung der Sicherheitsanforderun-

gen für die Zuverlässigkeitsklasse RC 2 wird abschließend mittels der Empfehlungen für 

versuchsgestützte Bemessung gemäß DIN EN 1990 Anhang D erbracht.
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List of abbreviations

AMPA Amtliche Material Prüfanstalt Kassel (official and accredited test 

laboratory for concrete material at University of Kassel)  

ARE Admiralty Research Establishment (UK)

BSH Bundesamt für Seeschifffahrt und Hydrografie, Federal Maritime 

and Hydrographic Agency

DID JIP GOAL Design Intent Document [1] 

DoE Department of Energy

EAC Early Age Cycling 

FLS Fatigue Limit State 

FSB Full Scale Box (test specimen) 

FSC Full Scale Cylindrical (test specimen) 

FORM First Order Reliability Method

FOS Factor of Safety

GC Grouted Connection

HAC High Alumina Cement

JIP GOAL Joint Industry Project Grouted OPC connections with Annuli of 

Large dimension

KIT Karlsruhe Institute of Technology, here - Versuchsanstalt für Stahl, 

Holz und Steine (official and accredited test laboratory at KIT)

M13 M13 loading machine at KIT 

M14 M14 loading machine at KIT 

NSB Near Scale Box (test specimen) 

NSC Near Scale Cylindrical (test specimen) 

OPC Ordinary Portland Cement 

O&G Oil and gas

OWF Offshore wind farm

S-N Stress/cycle (in the context of fatigue curves) 

SR Stress Ratio (ratio of applied load to connection strength) 

ULS Ultimate Limit State

VDZ Verein Deutscher Zementwerke e. V.

WTG Wind Turbine Generator
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Symbols

Symbols used in this work follow definitions provided in DIN EN 1990 and 1992 and 

DIN EN ISO 19902, unless noted otherwise. Common symbols are:

Cp scale factor for the diameter of the inner steel member

Ecm mean value o young’s modulus

fbd limiting bond resistance stress of reinforcement

fc uniaxial compressive strength of grout or concrete

fcd design compressive strength

fck characteristic compressive cylinder strength after 28 days

fcm mean compressive cylinder strength 

fcu unconfined compressive strength of 75mm grout cubes

fctk characteristic axial tensile strength of gout or concrete

fctm mean value of axial tensile strength

fbd bond strength

kred strength reduction factor to account for effects of early age cycling

VRd,c minimum design value of shear resistance 

Xd Design value of a material property

Xk Characteristic value of a material property

αct safety factor for tensile strength 

αct,pl safety factor for tensile strength for unreinforced concrete

α5 bond strength factor account for coexisting radial stresses 

 safety index (reliability calculations)

c characteristic compressive strength (DIN 1045-2001 and older) 

rd,c shear resistance according to DIN EN 1992

c yield stress in grout or concrete

cp radial pressure in DIN EN 1992 design equations

r radial stress (calculated analytically)

c material factor of safety for grout or concrete

Rk,global global adjustment factor for characteristic design equation
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General Terminology

Early age cycling Relative movement between inner and outer pipe of the 

grouted connection during the first 24 hours after grouting 

Grout Mixture of cement and water (with or without sand aggre-

gates), within the context of this work grout generally means 

neat grout

Neat grout Mixture of cement and water without sand aggregates

Grout mortar Mixture of cement, water, and sand aggregates

Grouted connection 

strength

Static compressive strength of the connection assembly (sys-

tem strength) defined as maximum sustained axial force

Grout strength/ 
Compressive 
strength

In this work, this refers to the peak compressive resistance 
capacity of a 75mm cube, unless specified otherwise. Ac-
cording to DIN EN 1992 the characteristic compressive
strength is tested on 150/300mm cylinders or 150mm cubes

Tensile strength Static resistance capacity of a grout sample to tension forces, 

within the context of this work measured as splitting tensile 

strength

Interface (transfer) 
strength

Static strength / design resistance of the grouted pile /sleeve 
connection

Jacket space frame support structure
Manifold pipe assembly attached to a ground hole, and to which lines 

for injecting grout are attached; sometimes called a grout 

header

Through leg piling Piles are inserted through the corner legs of the jacket and 

driven from above the jacket top, above water level, into the 

ground

Post piling Piling operation, which follows the installation of the jacket, 

piles are guided through jacket legs or pile sleeves attached 

to the corner legs

Pre-piling Piling operation, which precedes the installation of the jacket, 

piles are guided through sleeves attached to a template frame

Sleeve Cylindrical steel member attached to the outside of a jacket 
corner leg to receive and guide piles
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1 Introduction and Motivation

1.1 General introduction to offshore wind turbine support structures

The global renewable energy production has grown significantly over the last three 

decades since the early 1990s. In the last twenty years wind turbines have been installed also 

increasingly offshore to capture more steadily available wind resources and contribute to the 

baseload supply of national energy mixes.  Consequently, demand for offshore wind turbines 

has grown rapidly and continues to rise. The future market growth is underpinned by several 

market studies. The International Renewable Energy Association (IRENA) predicts a tenfold 

increase in global installed offshore wind capacity reaching 228 GW in 2030 and possibly 

exceeding 1000 GW in 2050, see Fig. 1.1-a (Irena, 2019). Meanwhile the recent Covid-19 

related economic crisis, which has caused a collapse of global fossil fuel demand, is likely 

to further accelerate the transition of energy markets from fossil based to renewable carbon 

neutral sources. Accordingly, the development of this industry is possibly only still in early 

stages compared to the oil and gas industry, which was in the past the driving force for the 

development of current certification and design guidelines applicable to offshore structures.

Fig. 1.1-a Current and predicted cumulative global generating capacity of offshore wind farms (Irena, 2019)
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In the past century structures required for the exploration of natural resources at sea 

supported primarily oil and gas drilling platforms. The dominant structural form is the jacket 

structure, a braced space frame welded from tubular steel members (Fig.1.1.2). These struc-

tures are fabricated onshore and installed in water depths exceeding 400m; noteworthy ex-

amples are Bullwinkle built in 1989 with a total height 512m (Fig.1.1-b +c), Boxer in 225m 

water depth or Shell’s 52,000 t Cognac platform installed in 312m water depth (1977).

Fig. 1.1-b Bullwinkle steel jacket structure during float out, pile clusters and mud mats at all four corners visible

Unmanned minimum facility structures such as loading columns are often supported 

by monopiles, particularly for shallower water depths. Other forms of offshore structures are 

compliant towers or floating foundations, which are used in deeper waters, often exceeding 

1000m water depth. All these structures are mostly anchored to the seabed by driven steel 

displacement piles. The connections of the support structures with the foundation piles have 

been generally constructed as grouted joints, cast in-situ after installation. Concrete gravity 

base foundations such as Equinor’s Troll A with a total height of 472 m or steel gravity base 

structures such as Maureen Alpha weighing more than 120,000 tonnes are in contrast exam-

ples of other significant offshore support structures, which were not anchored with piles.

In the past twenty years, first structures were built to explore wind energy offshore. In 

this period, offshore wind turbines have grown from 0.45 MW (Vindeby, 1991) to nearly 10 

MW. Turbines under construction at the turn of this decade belonging to the 10 MW class 

are deployed for example in Offshore Wind Farm (OWF) Moray East, which will operate 

100 No. 9.5 MW turbines with 164m rotor diameter supported on jackets in water depths up 

to 57m or OWF Kaskasi Germany which will operate 38 No. 9 MW turbines with 167 m 

rotor diameter. Offshore wind farms planned for the middle of this decade are expected to 

operate turbine sizes of 14 MW and larger with rotor diameters exceeding 220 m. These 
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turbines have been already announced by turbine manufactures (Gamesa, 2020). Concept 

designs for 20 MW turbines with 275 m rotor diameter (Ashuri, et al., 2016) are meanwhile 

being discussed and assessed in the industry. Given the time scales involved in product de-

velopment of these turbines it is unlikely that the industry will use turbines significantly 

exceeding 20 MW and 300 m rotor diameter before 2030, considering that concept designs 

for 8 MW and 10 MW turbines were available to the industry back in 2012.

Fig. 1.1-c Size comparison offshore wind turbine size development over time (foreground), oil & gas platforms and other 

civil engineering landmark structures (background) (Source Bloomberg, New Energy Finance 2017)

Whilst even the largest offshore wind turbines are still small in comparison to the largest oil 

and gas structures, it must be recognized that growth in rotor size has been steady and so far, 

has not reached a limit. Also, oil and gas installations tend to be one-off structures, whilst 

wind turbines are serial products.  

Fig. 1.1-d Definition of wind turbine and support structure components (DNVGL-ST-0126, 2016)
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Currently typical offshore wind farms are situated in relatively shallow waters of up 

to 60 m water depth. The predominant foundation type for offshore wind turbines is the 

monopile, comprising a single welded hollow steel cylinder. Monopiles have been used to 

date for water depths below 35 m.  Depending on turbine size, water depth and wave climate, 

monopiles have typically diameters between 4 m and 9 m, with wall thickness of 50 mm to 

100 mm and embedment length of 20 m to 40 m. When the combination of turbine size, 

wave climate, water depths and ground conditions would make it uneconomical to fabricate 

and install monopile foundations, other foundation forms are chosen. The second most fre-

quent type of foundation used in the offshore wind industry is the jacket structure. Further 

forms are tripods, tri-piles or gravity base foundations (Fig.1.1-d).

Fig. 1.1-e Jacket structure for 5MW turbines in the offshore wind farm Thornton Bank 2&3, Belgium (image RWE)

According to recent market research predictions it can be expected that in the near 

future proabably around 20-25% of offshore wind support structures globally will be jackets. 

This would equate to over 1000 jackets (Flotre, Februar 2020). More recently advances have 

been made in floating foundations, which have been deployed as demonstrators (Tetraspar) 

or first commercial wind floating farm such as Hywind Scotland. However, this work fo-

cuses on the grouted connection between jacket structures and pin piles cast with seawater 

mixed Ordinary Portland Cement grout as depicted below. Fig.1.1-f. displays a pre-piled 

jacket, which is identified by piles that are installed through a template in advance of the 

jacket installation. This type of construction has advantages for serial foundation installation, 

where the template can be re-used. One-of jackets, as used for example to support oil and 

gas platforms or electrical substations in OWFs, are generally post-piled jackets (Fig.1.1-b 

& Fig.1.1-g). These have pile sleeves attached to the corner legs and are resting on mud mats 

after being lowered onto the seabed, before piling operation starts. The connection between 

the pile and the sleeve, or the pile and the jacket leg is facilitated by a grouted connection. 
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Fig. 1.1-f Schematic of jacket structure and grouted connection, stab in pin with spiral weld (Tom Wörden, et al., 2013)

Fig. 1.1-g Substation jacket installation OWF Rampion (left) (image courtesy of core grouting services, UK). topside lift 

OWF Nordsee Ost (right) image courtesy of RWE

1.2 Typical applications and history of grouted connections

A distinction is made between grouts which contain sand as aggregates and those with-

out sand. Within the context of this work grout generally means neat grout unless specified 

otherwise. Neat grout describes the suspension of cement and water without sand aggregates. 

Grout mortar is the mixture of cement, water, and sand aggregates. It is recognized that in 

some countries grout is generally understood to contain sand aggregates by default, whilst 

particularly in the oil and gas industry and in countries with a history in this industry grout 

is generally understood to be neat cement grout by default, because it is the preferred mix 

for well grouting. Wells can require grouting several hundreds of metres in small diameter 

Mudline / seabed

Foundation pile

Shear keys

Leg extension/ stab-in pin

Bottom brace

Grout
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bores and must be sealed against the groundwater; sometimes artesian wells must be sealed, 

or several aquifers are penetrated. Hence neat cement grout is strongly favoured in these 

situations to ensure separation of the oil from aquifers. Neat cement grout is generally pre-

ferred to concrete and grout mortar because it avoids the problem of separation of aggre-

gate and cement, and penetrates small fissures. 

Connecting circular hollow tubes in offshore structures by means of casting seawater 

mixed cement grout into the annulus between the two circular members has a long history 

in offshore construction dating back to the 1940s. The earliest reported structure using sea-

water mixed Ordinary Portland Cement (OPC) grout for connecting tubulars is an oil-well 

platform off the coast of Brunei where this material was used to fill the annulus between the 

jacket corner legs and the piles driven from the top through these legs. According to accounts 

given by engineers involved in the project, the grout acted primarily as a spacer between the 

piles and the corner legs. In these early structures the grout did not contribute to the primary 

load path, since piles were commonly welded at the top to the jacket corner tubulars.

      
Figure. 1.2-a Jacket, Brunei, using seawater mixed OPC Figure. 1.2-b Thistle Jacket upending during installation
(images courtesy of Helacol)

As structures moved into deeper water, through leg piling became an uneconomic 

arrangement and piles were connected to the jacket structures as skirt piles at the base of the 

structure by means of pile sleeves, where the grout transferred all the loads from the struc-

tures to the piles (Bartminn, et al., 2018). Major structures in water depths up to and exceed-

ing 400m supporting topsides weighing several tens of thousands of tons were constructed 

from the 1970s onwards. For some of the larger structures the length of the grouted connec-

tion could exceed 30m (Mayfield, et al., 1979). Grouted connections are also used in retro-

fitting additional risers to oil and gas well platforms or as repair works to strengthen existing 

structures. Structural design rules which govern the design of grouted connections, such as 

DIN EN ISO 19902 were developed from first principles and substantiated empirically by 

large-scale testing. By the end of last century, the rules were validated by hundreds of large-

scale tests from dozens of different test series, evaluated for consistent screening criteria 
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(Arup005, 2019) (Bartminn, et al., 2018).  Tests largely used OPC such as CEM I, ASTM 

C150 type V or API Specification 10 Oilwell cements, mainly without sand aggregates. 

Some applications and tests nevertheless did use sand as an aggregate, which behaved com-

parable to the neat grout samples.  Seawater was most commonly used as mixing water, but 

also freshwater was used, with additives sometimes included in the mix design. In this cen-

tury increasingly high strength grouts with compressive cube strength exceeding 100 MPa 

became fashionable (Bartminn, et al., 2018). 

Since traditionally the grout was first used as a spacer between the upper end of the 

piles and the jacket legs, the initial experience and first design rules, for instance those in 

API RP 2A 1969, stipulated the admissible bond stress of the plain pipe surfaces. As loads 

increased shear keys were introduced to shorten the length of the connection and increase 

reliability. With the advent of offshore wind turbines, grouted connections were used for 

traditional jacket to pile connections for offshore substations and jackets supporting turbines 

with capacities as large as 7MW. Selected in-field applications of jackets with seawater 

mixed OPC grouted connections are listed in Table. 1.2-a.

OWF Country Construction Turbine No
Alpha Ventus Germany 2008 5 MW 6
Ormonde UK 2010-2011 5 MW 30
Thornton Bank Belgium 2011-2013 5 & 6 MW 48
Levenmouth UK 2013 7 MW 1
Rampion UK 2016-2017 Substation 1 + 116*

Table 1.2-a offshore wind applications of seawater mixed OPC (* non-structural skirt grouting of monopiles)

In the period from 2008 to 2012 the offshore wind industry experienced substantial 

problems with grouted connections of monopiles. These were generally grouted using high 

strength grout mortars. The problem arose with plain pipe grouted connections between

monopiles and transition pieces. Following an extensive investigation into the root cause of 

these failures, it was found that the affected connections were designed beyond the geomet-

rical applicability limits of design codes. Also, the separate consideration of axial loading 

and bending moments did not conservatively capture the interaction effects. Furthermore, 

the scale effects, associated with large diameter monopiles lead to an interface strength lower 

than anticipated in the design, which resulted in slippage of many hundreds of connections 

and expensive repair works. Revised design guidelines were issued by DNV following a 

joint industry project on grouted connections with shear keys (Lotsberg & Lervik, 2012).

This work however focusses on grouted connections in pre-piled jackets with shear 

keys and using seawater mixed OPC.



24

1.3 Motivation and objective of the thesis 

The main advantages of using seawater mixed neat grout are:

 good workability, flow and pumpability

 proven long term durability in the marine/sub-sea environment from oil and 

gas applications

 strengths in the optimum range to minimise the effects of early age cycling, 

fatigue, and the potential for development of the more brittle grout matrix fail-

ure mode

 global availability of OPC from local sources 

 logistical advantage of using seawater offshore 

 conservation of freshwater sources

 low cost (see chapter 1.5)

The risks and reservations impeding the continued widespread use of seawater mixed 

OPC in offshore wind industry are perceived as follows:

 existing test data and guidelines related grouted connection with seawater mixed 

grout are not linked to Eurocode family of standards and reliability levels stipu-

lated therein

 incomplete understanding of effect of high heat of hydration

 incomplete understanding of long-term performance and effect of chlorides

 incomplete understanding of effect of combined axial and bending loads

 incomplete understanding of scale effects

 incoherent assessment of the above-mentioned aspects 

The objective of this is work is therefore the development of coherent recommenda-

tions for the verification of grouted connections cast with neat seawater mixed Ordinary 

Portland Cement (OPC), compatible with the hierarchy of Eurocode and DIN standards. The 

motivation is to aid design, certification and execution of pre-piled jacket foundations for 

offshore wind turbines within accepted reliability level of Eurocode standards. The work has 

special emphasis on the suitability of seawater mixed neat OPC, which was traditionally the 

primary material of choice of the offshore grout industry, particular for jacket structures (see 

Table 1.2-a). The aim, to verify applicability limits and ease certification, is also motivated 
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by the substantial problems the industry experienced with deficient design guidelines for 

monopiles as described above.

Because the geometries of grouted connections of pre-piled jackets for offshore wind 

turbines are often outside applicability limits of design standards, the Joint Industry Project 

Grouted OPC Connections with Annuli of Large Dimension (JIP GOAL) was initiated by 

the industry and led by the author as Project Director. The JIP GOAL research programme, 

which is described in detail in chapter 1.5, 6 and 7, aimed to extend the validity range of 

existing design guidance to geometries relevant to pre-piled grouted connections (Arup001, 

2015). This work builds on the results generated in JIP GOAL and subsequent supplemen-

tary tests and the broad data base and literature related to grouted connections.

After a review of the state of technology, gaps are identified in design guidelines and 

existing test data which form the basis of international and European design guidelines, with 

an attempt to link the design rules of ISO 19902, to the hierarchy of the EN 1990 family of 

standards. This hierarchy is the basis of DIN 18088 “Structures for wind turbines and plat-

forms”, which is stipulated by the BSH, the permitting authority for offshore wind farms in 

Germany. However, it should be noted that the DIN 18088-5 currently does not apply to 

offshore structures.

From this review a test matrix is mapped to address central questions, and gaps in order 

to provide a statistically relevant and well documented input to the substantiation of the ap-

plicability of the rules confirmed and derived by this work. The test matrix includes material 

property tests of the grout, which are directly linked to the JIP GOAL large-scale structural 

tests of grouted connections at full and half scale. Further investigations into the effects of 

high heat of hydration are included in this work. 

The results are statistically evaluated and tied back to historic test data to validate the 

applicability of design guidelines of DIN EN ISO 19902 and DIN EN 1992 through devel-

opment of a constituent material model and a structural stress model. The aim is to give 

guidance on the material selection, conformity and quality criteria and applicability limits of 

structural verification guidelines. For this an analogy to force fit concentric connections and 

analytical stress calculations is developed. This work aims to develop a material model, 

complement unanswered questions, and calibrate the material properties to the overall struc-

tural behaviour in order to validate existing design guidance and relate it to the provisions 

and assumptions in DIN EN standards. An extensive literature review and compilation of 

existing test data is extended by large scale structural tests and small-scale material property 

test programme to understand the influence of seawater, temperature cement chemistry and 
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physical properties on material strength and durability. The material property tests are linked 

to historic large-scale tests and those conducted within the JIP GOAL, described in detail in 

chapter 1.5 (refer also to acknowledgements).

Figure. 1.3-a Verification and validation conceptual diagram (own source)
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1.4 Organisation and structure of the work

This work is structured to answer several overarching questions, which can be broadly 

divided into those related to material properties and those related to the global structural 

behaviour of grouted connections. Structural mechanical questions are focused on an ana-

lytical approach and supported by the statistical analysis of small-scale testing.

Existing knowledge and state of the art is covered in chapter 2 to 5, chapter 6 describes 

the test programme objectives and execution details. Results are summarized, analysed, and 

interpreted in chapters 6 to 10.

Figure. 1.4-a Flow chart of central questions (own source)
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The overarching questions, however, are building upon essential prerequisites, primarily 

feeding into the material model.

Figure. 1.4-b Flow chart of questions regarding required prerequisites (own source)
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1.5 The Joint Industry Project (JIP) GOAL 

In 2014 the Joint Industry Project (JIP) GOAL was formed to investigate Grouted OPC 

Connections with Annuli of Large Dimension for pre-piled grouted jacket connections. It

was instigated by the urgent need to provide robust design guidance for future design of 

grouted connections in pre-piled and light weight jacket structures. The project was led by 

RWE (formerly innogy SE), funded by the Carbon Trust, the Scottish Government, the pro-

ject industry partners SSE, Iberdrola, Statkraft, Orstedt, ORE Catapult, EnBW (refer also to 

acknowledgements).  In the years 2007 to 2011 the offshore wind industry had experienced 

serial defects on grouted connections for monopiles, due to deficient design guidelines. Such 

defects resulted in multi-million-euro rehabilitation works, which to date still require fre-

quent monitoring regimes.  Pre-piled jackets are increasingly considered for deeper water 

construction of offshore wind farms and their design requires increasing the annulus between 

the jacket leg and foundation pile, because pile diameters required often range between 1.8m 

and 3m whilst the circular hollow sections of the jacket corner leg have diameters between 

900 mm and 1500mm. This leads to a grout annulus thickness of up to and exceeding 

500mm, when the corner leg is stabbed into the pile, see Fig.1.6.  Such larger annuli were

not considered to be adequately covered by existing design guidance prior to JIP GOAL, 

especially for wind turbine foundations which typically see larger load reversals.  In partic-

ular, there was a lack of substantiation for the fatigue design, early age cycling (EAC) and 

treatment of combined axial load and bending moment (Bartminn & Billington, 2018).

The JIP GOAL contributed to the knowledge of behaviour for other applications in-

volving substantial bending moments in combination with axial loads and significant load 

reversal such as minimum facilities oil and gas production platforms which experience high 

pile bending due to lateral environmental loading and relatively greater axial load reversal 

due to lower topsides weight and lower still water loading. Another application is that of 

sub-sea strengthening and repairs where both axial load reversal and high bending occur.  

The current design standards (DIN EN ISO 19902 and API RP2A), which are also frequently 

referred to in the offshore wind industry, rely on load reversal being limited to a level below 

the connection strength without shear keys (the plain pipe strength) where, for the range of 

geometries considered, test data have shown that fatigue failure does not occur and, further-

more that coexistent bending and lateral shear do not negatively affect the ultimate strength 

under axial loading alone.  However, the monopile failures have demonstrated that, for ap-

plications and geometries outside the range of this earlier test data, bending can significantly 

reduce the effective axial strength and, also, that fatigue failures can occur at load levels 
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commonly being encountered both in offshore oil and gas and wind energy applications. 

Therefore, the JIP GOAL also investigated the effects of combing axial load and bending. 

The project was aimed at both the verification of existing ISO and DNVGL guidelines

and the development of new design recommendations for areas not covered by existing de-

sign guidelines or where the existing guidelines were found to be inadequate. The JIP GOAL 

did however not relate the ISO and DNVGL guidelines to the Eurocode hierarchy of stand-

ards.  The principal objectives of JIP GOAL were, as follows:

 To develop reliable design guidelines for the design of large annulus grouted 

connections and those with high load reversal and high co-existent bending and 

lateral shear loads

 To verify and enable the continued use of OPC in such connections.

 To reduce costs, de-risk the design and ease the certification and bankability 

process

The benefits of the project included de-risking the design, avoidance of costly failures 

such as those encountered with monopiles, savings in both materials and fabrication costs 

compared to the use of high strength grouts or enlarged leg diameters to reduce annulus 

dimensions which are currently being advocated.

For a typical wind farm of 80 foundations the direct material and installation cost sav-

ings compared to the use of high strength grouts, were estimated to be in the order of

€3.500.000 (Bartminn & Billington, 2018).  Additional savings arise from de-risking and 

avoidance of repair works, as well as ease of certification. These savings are more difficult 

to quantify, but they are likely to be at least of the same order of magnitude as the material 

cost benefits. The cost saving estimates were based on 6-8 MW turbines. It is likely that 

savings will be higher for jackets supporting turbines larger than 10 MW. The use of OPC 

as a worldwide readily and locally available material as well as logistical advantages of sea-

water as mixing water add to these advantages.

The focus of JIP GOAL therefore was to extend existing ISO 19902 and DNVGL 

guidelines to be applicable to large annulus grouted connections. This work embeds key 

findings from GOAL into a larger context, supplements the findings with material statistics 

compared to DIN EN 1992 assumptions regarding material properties and links the results 

via an analytical stress model to design verification requirements of DIN EN 1992.
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2 Background to existing design guidance  

2.1 Test data background of ISO 19902

The design rules of DIN EN ISO 19902 and also those of DNV and DNVGL standards 

are an evolution of design rules developed in API and for the Department of Energy UK 

during the 1970s through late 1980s (Bartminn, et al., 2018). They were derived from 

screened data of 197 large scale tests of 30 different test series. The criteria are listed below. 

Out of these more than 15 large scale tests existed prior to JIP GOAL which investigated the 

effect of early age cycling. These screening rules used in the post processing were also used 

in defining the test set up of the JIP GOAL specimens and test matrix. The post-test data 

analysis builds upon previous experience of grouted connections in ULS and FLS with the 

addition of test data provided by JIP GOAL. Results were screened in line with the ISO 

screening criteria. Connections which complied with all the following criteria, and additional 

conditions for ULS and FLS respectively, were included (Bartminn, et al., 2018):

1. Inner tubular diameters are not to be less than 300mm.

2. The grouted length to inner tubular diameter ratio should not be less than 0.9.

3. The test specimens shall be made from standard steel tubes without circumferential 

stiffeners.

4. Shear keys shall be weld beads or welded bars.

5. The height (h) and spacing (s) of the shear keys shall be the same on pile and 

sleeve. The shear key height to spacing (h/s) ratio shall not exceed 0.1.

6. Helical shear keys are not included.

7. There is no restriction on shear key spacing.

8. The steel surface shall be in the as rolled condition and either be grit blasted or suf-

ficiently corroded to remove all mill scale.

9. The grout shall be plain, non-expansive cement water slurry and shall include spec-

imens made with HAC (high alumina cement).

10. Grout cubes shall be cured in the same environment as the test specimens, with re-

gards to temperature and submerged/non-submerged condition. They shall be 

sealed or submerged in tanks.

11. Test results from specimens with grout of compressive strength of 10 N/mm2 will

be screened out.

12. Cube strengths are adjusted to a standard size of 75 mm.
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Billington (Billington & Chetwood, 2012) presented in 2012 an overview of existing 

data which indicated that grouted OPC connections with large annuli, as commonly used in 

offshore wind turbine jackets, fall by and large into the scatter of existing ULS data points 

albeit possibly at the lower end, see Figure 2.1-a. The figure compiles tests data of various 

test series with different geometries and different grout strength, normalised with respect to 

a calculated mean strength of a connection without shear keys (plain pipe strength). The 

underlying failure mechanisms describing the two trend lines are described in chapter 5, see 

Fig 5.2a. This work investigates how formulas presented below in Fig. 2.1-b. can be related 

to DIN EN 1992 design rules.

Figure. 2.1-a ULS test results with large grout annuli within the ISO – prior to JIP GOAL, Non-dimensionalised normalized 
relative to plain pipe capacity (Billington & Chetwood, 2012)

Figure. 2.1-b Design rules for interface shear strength and grout matrix failure (Arup001, 2015)

The nomenclature used in this work follows that of ISO 19002 unless stated otherwise.  It 

should be noted that the outer tube of the grouted connection is referred to as the sleeve with 

wall thickness ts, and the inner tube wall thickness is denoted as tp as the inner tube is the 

pile in through leg piling or post piled jackets. For pre-piled jackets used in offshore wind 
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the outer tube however usually is the pile. For ease of reference the geometrical reference

terminology of ISO 19902 is shown in Figure 2.1-c.

Key

1 inner steel tubular member (pile in post-piled pile-to-sleeve connection)

2 outer steel tubular member (sleeve in post-piled pile-to-sleeve connection)

3 grout

4 shear keys (if present)

Ds outside diameter of the outer steel tubular member (the sleeve)

Dg outside diameter of grout annulus

Dp outside diameter of the inner steel tubular member (the pile)

ts wall thickness of the outer steel tubular member (the sleeve)

tg nominal thickness of the grout annulus (i.e. assuming inner and outer members 

are concentric)

tp wall thickness of the inner steel tubular member (the pile)

s centre-to-centre spacing of the shear keys

h shear key height

Figure. 2.1-c Grouted connection terminology as stated in (DIN EN ISO19902, 2007)

h



34

3 Semi probabilistic design procedures for wind offshore structures

The family of Eurocode verification standards EC0 to EC9, to which the DIN 18088 

relates are based on a second moment safety concept, based on a level 1 and level 2 approach

(DIN1990, 2010). The concept of this semi probabilistic approach is to treat loads and ac-

tions on structures as well as resistance as independent statistical variables. Their combined 

but uncorrelated scatter and standard deviation defines the safety index 

훽 = 푅 − 퐸
�푠�

� − 푠�
�

          Equation 3-a

These semi-probabilistic approaches date back to the 1950s and recognise that a simple 

first moment level one approach using one global factor of safety is an oversimplification 

leading to uneconomical or unsafe designs. They certainly lead to an inconsistent reliability 

behaviour, while a full probabilistic approach, recognising the statistical variance of all input 

variables and modes of failure, is in most cases an unsurmountable task, due to lack of con-

sistent and comparable data bases (Faulkner, 1981) (DIN1990, 2010). Since both ISO 19902 

and Eurocodes follow the same partial safety factor approach it is important to verify if and 

how the material properties of seawater mixed OPC compares to the assumptions underlying 

the EN 1990 series in particular the assumptions made with regards to standard deviations 

and distribution of various characteristic properties of concrete. Hence a test series was de-

fined and described in chapter 6. A statistical analysis of key parameters is conducted in 

chapter 7 for those parameters where a sufficient large data base was available. For ease of 

reading, some results are also presented in chapter 6, in particular where the post processing 

was limited to simple averaging or regressions.

From an owners’ and operators’ point of view it is also important to understand the 

relationship between the various design standards, since in different countries certification 

or local permits stipulate the use of one or the other standard. Whilst different standards may 

quote different target reliability indices, it is understood, that through the calibration process 

the actual safety level is often not necessarily the same. Nevertheless, it is sensible for the 

owner operator to have a consistent reliability level of his assets across borders, or at least 

an understanding of the difference. Safety levels achieved and reflected in oil & gas tried 

and tested standards such as ISO 19902 present to owners a level of reliability they have 

become familiar with. Eurocode as a design standard which explicitly excluded the use for 

offshore structures, in turn presents a reliability level commonly recognized as acceptable 

by onshore focussed authorities. Notwithstanding both standards follow common approach 
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to derivation of characteristic material properties, commonly defined as the 95% quantile or 

for design curve calibration the values not exceeding mean values minus two times standard 

deviations, since for normal distributed data sets 95.45% of the data fall within the range of 

two times standard deviations from the mean.

Hence key parameters such as compressive strength, tensile strength, E-modulus, etc 

are analysed and examined with regards to their comparative statistical fit, compared to un-

derlying assumptions in DIN EN 1992. In the first instance ULS design resistance capacities 

according to tests and ISO 19902 are examined acting as an “anchor point” for fatigue veri-

fications, which are expressed as S/N curves relating to ultimate bearing capacity. For sta-

tistical analysis reference is made to Annex C and Annex D of DIN EN 1990 and A 7.7.2 

and Table A. 7.7.1 of DIN EN ISO 19902 (DIN EN ISO19902, 2007), which both state the 

same acceptable exceedance intervals of 95%. Attention is drawn to Annex D of DIN EN 

1990, which provides guidance to design assisted by testing. It covers tests to reduce uncer-

tainties in parameters used in resistance models for instance, by testing structural members 

or assemblies of structural members (DIN1990, 2010). Since the design and verification of 

the resistance capacity of a grouted connection is that of an assembly, it is imperative to 

validate the derived guidance for the assessment of the system strength against the data base 

of large-scale tests.

The statistical analysis and challenges arising from the derivation of fatigue curves are de-

scribed in chapter 7.4.3 of this work. The challenge is associated with the fact that for fatigue 

behaviour either the related maximum and relative stress levels can be seen as a dependent

variable depending on the scatter of material properties or the resulting achievable load cy-

cles can be treated as a dependent variable related to the relative stress levels, or both are 

dependent variables.
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4 Properties of constituent and mixed material

4.1 OPC Grout - constituents

The subject of this works investigation is seawater mixed OPC neat grout. The term neat 

grout implies that no fine or coarse aggregates are used. More recently but predominantly in 

German Offshore Wind projects grouts with fine aggregates and or steel fibres have been 

used for offshore structures, for example the grouted connections of the Nordsee Ost (NSO)

met mast which was installed in 2011 or the monopiles of the OWF Riffgat installed in 2014, 

contained steel fibres and high strength grout. High strength grouts contain silica fumes, 

fines, sand aggregates and sometimes steel fibres. Because high strength and ultra-high 

strength concrete are mixed with a water/binder ratio between 0.15 to 0.25 these require 

addition of superplasticizers. The use of fine aggregates is also driven by the demand to 

replace the cement with less costly filler material, control heat development and to use the 

aggregate as an additional load bearing structure to aid interlocking. However, neat cement 

grouts are favoured by grout contractors for their workability and pumpability properties.

The majority of grouted connections executed since the early 1940s in the oil & gas offshore 

industry used neat seawater mixed OPC grout. OPC neat grouts are a low technology alter-

native to high strength grouts with minimal number of constituent materials, reducing 

sources for potential quality deficiencies.

Accordingly, the only constituents to be considered for neat grout are:

 mixing water (fresh water or seawater)

 cement (mostly CEM I OPC or Oilwell B)

 additives such as retarders, accelerators, water reducer, air entraining, 

shrinkage reducers, corrosion inhibitors, etc. are not investigated in this work

It should be noted that a wide range of additives, admixtures and cements are available, 

which address specific concerns, such as LH – low heat of hydration, SR sulphate resistant 

or NA for low alkalinity cements. 

4.2 Seawater as mixing water 

The use of seawater as mixing water for structural concrete or grout is not commonly 

considered in onshore applications, because of concerns about corrosion, compatibility with 

additives, sulphate content, expansion and general durability. However, seawater is often 

preferred by offshore contractors as mixing water since the provision of fresh water at off-

shore locations occupies valuable deck space and if produced offshore requires additional 

energy. Besides the economic aspects it is desirable to use seawater instead of freshwater 
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from a sustainability aspect. This aspect is of increased importance in regions where fresh 

potable water is a more valuable and scarce resource than in moderate climates.

The use of seawater as mixing water is generally permitted in Germany according to

DIN EN 1008 chapter 3.5. Seawater may be used for unreinforced concrete or concrete with 

embedded non-structural metal parts, however generally not for reinforced of prestressed 

concrete. For reinforced or prestressed concrete, the maximum chloride content shall be lim-

ited to 500mg/l (DIN EN 1008 chapter. 3.5; BS 3148:1980). Hence the limit is primarily set 

to protect the structural steel and steel reinforcement. However, in most typical offshore 

grouted connections of jackets the surrounding structural steel elements will be protected

against corrosion by provision of cathodic protection, either impressed current or by sacrifi-

cial anodes. Similar to chloride attack on steel elements the sulphate content of seawater is 

of critical importance. Concrete exposed to seawater is classified according to DIN EN 206 

to XA2, which specifies a maximum w/c ratio limit of 0.5. The use of ground granulated 

blast furnace slag (GGBFS), which improves the durability of concrete for resistance against 

chloride and sulphate attack, is regulated by DIN EN 206. Nevertheless, according to (VDZ 

, 2002) no sulphate attack damages are reported even for cement mixes exposed to seawater 

without GGBFS. This is attributed to the high density associated with w/c < 0.5 and the 

sulphate attack impeding properties of high chloride concentration and calcium carbonates 

(CaCO3), which originate from the reaction of the calcium hydrogen carbonates 

(Ca(HCO3)2) dissolved in seawater with calcium hydroxide. Notably the VDZ guidelines 

deal with sulphate attack from outside (VDZ , 2002) chapter. 7.3.3). The porosity of the 

grout should therefore be controlled for quality assurance. The sulphate included in the sea-

water was not covered in those assessments. Typical North Sea water contains 10-20% more 

SO4 than the 2000mg/l limit set by DIN EN 1008. Extensive long-term experience with sea-

water mixed grouts from oil & gas suggests though that at these levels, this may not be a 

major cause of concern. De Weerdt and Lothenbach (De Weerdt, et al., 2019) showed the 

influence of sulphur contained in seawater on chloride ingress, which was limited to the 

outermost 1mm as far the chloride ingress is concerned. The study also revealed a notable 

difference in the total K, Mg, S and Na content within the first 5-10mm. Furthermore, a 

difference between NaCl and seawater exposure was observed with regards to the phase 

composition depending on the volume of cement paste exposure to the respective solutions.

In both cases the unexposed core consists of C-S-H, portlandite, ettringite, monocarbonate, 

siliceous hydrogarnet and calcium carbonate It was calculated thermodynamically that in 

case of exposure to seawater, Friedel's salt forms instead of monocarbonate for low levels of 
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seawater, which is similar to the calculated composition for exposure to NaCl. However, 

upon higher levels of seawater there is an increase in the total volume of phases even though 

portlandite decomposes (De Weerdt, et al., 2019). This is caused by the formation of phases 

such as ettringite, calcite and brucite due to the presence of sulphate, carbonate and magne-

sium in the seawater. This reinforces the importance to limit pore content of the cement.

The chloride content of the mixing water shall not exceed 4500 mg/l according to EN 

1008 table2 unless the chloride content of the concrete does not exceed the maximum values 

according to table 15 chapter 5.2.8 of EN 206. For unreinforced concrete the maximum al-

lowable value for chloride ion content is 1.00% M, the sulphur content shall be limited to     

SO4
2- < 2 000 mg/l. Seawater typically exceeds the chloride concentration limits by a factor 

3 to 6. The seawater composition found in the German North Sea is summarized in table

4.2a. The composition was well matched by the artificial sea water mix used for mixing of 

the test samples in JIP GOAL, see chapter 6. These values are slightly lower than those 

reported in OTH report 92 364 (Pratt & Onabolu, 1992), which reported salinity of 3.5% and 

chloride ion concentration of 18.850 g/l. However, the values are considerably above those 

typically found in the Baltic Sea. The salinity in the Gulf of Mexico in contrast varies be-

tween 2,000 and 30,000 ppm. Soil samples, corresponding to the water samples from table 

4.1, taken near Helgoland from depths ranging between 2.5m and 37m below seabed dis-

played chloride content ranging between 1170 mg/l and 3800 mg/Kg, sulphate ranging be-

tween 400 and 800 mg/Kg and pH values ranging from 4.5 to 8.9 with no apparent correla-

tion to depth for all parameters.

% Helgoland % acc. to Zi
Chloride Cl- 10800 mg/l 42 55
Sulphate SO4

2- 2200 mg/l 8.6 7.7

Zink  Zn2+ 0,875 mg/l 

Natrium Na 10900 mg/l 43 30.6
Potassium K 372 mg/l 1.5 1.1
Magnesium Mg 693 mg/l 2.7 3.7
Calcium Ca 382 mg/l 1.5 1.2
pH-value 7

  Table 4.2-a Chemical Composition of seawater from the Helgoland cluster, Germany and typical seawater composition 
according to (M.Zi & Grobe, 2010) (AMPA3, 2018)

According to Sverdrup (Sverdrup, et al., 1942) salinity levels and the composition of 

salts will differ considerably according to the region, making it almost impossible to prepare 

solutions that exactly duplicate the properties of seawater because trace element contami-

nants and salt ions are not always to be determined precisely hydroscopic or contain water 
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of crystallization and are difficult to weigh accurately. Depending on the distance to shore 

salinity may also vary considerably during the year. When laboratory tests are conducted 

with artificial seawater, reference tests with seawater from site should therefore be consid-

ered. The alkalinity of seawater can typically be in the region of 8.0 - 8.2 pH value (Sverdrup, 

et al., 1942) (De Weerdt, et al., 2019) (Naumann, et al., 2019).

The mixing water for grout used in JIP GOAL was composed of fresh water and an 

artificial seawater mix by Peacock, which has according to the manufacturer the composition

as tabulated in Table 4.2. Mix proportions and resulting compositions are tabulated in chap-

ter 6 and 7.

Natrium Chloride NaCl 66.1 %
Magnesium Sulphate Mg SO4 16.3 %
Magnesium Chloride MgCl2 12.7 %
Calcium Chloride CaCl2 3.30 %
Potassium Chloride KCl 1.60 %

  Table 4.2-b Chemical Composition of Artificial Seawater mix used in JIP GOAL

In general, in the oil and gas (O&G) offshore industry the choice between fresh and 

seawater was deferred to the contractor. However, it has long been recommended to conduct 

onshore trial mixes with composition encountered at the locations of installation. The phys-

ical and mechanical properties as expected by the designer shall be confirmed by initial trial 

mixes and conformity tests in accordance with DIN EN 206. Shell for example recommends

sampling of water from an area of approximately 15 nautical miles around the offshore con-

struction location (Mayfield & Lowell Johnston & Assocs., 1988).  The chemical composi-

tion of the mixing water may have an effect on rheological properties, early age and long-

term strength development of the hardened grout, which is described in more detail in chap-

ter 4.4. Influence of cement origin fineness and seawater compositions must be verified by 

conformity tests. In any case the compatibility with other additives shall always be con-

firmed with the manufacture or by trial mixes and durability tests, to verify the additives are 

suitable for the mix and conditions encountered offshore. NaCl additives are for example 

marketed by some manufacturers as an accelerator (Haliburton Part. No 516.00158). Sodium 

chloride (NaCl), commonly known as salt, is sometimes used outside Germany in offshore 

O&G applications or during well cementing. When cementing in saline rock formations the 

dissolution of salts contained in the rock can alter the behaviour of the cement slurry, with 

regards to acceleration of the hydration process, as the saline solution mixes with the cement. 

Accordingly, NaCl is mixed with the cement to control the well cementing process in the 

formations encountered (Lago, et al., 2017). It shall be noted that such addition is not allowed 

currently according to DIN EN 206, DIN EN 446 and DIN EN 943 for reinforced concrete. 
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Lago investigated the effect of 0, 5, 10, 15 and 20% NaCl of mass of water in the cement 

mix (Lago, et al., 2017). It was confirmed in those studies that:

- in low concentrations NaCl accelerates the setting of cement. 

- in high concentrations, NaCl retards the setting of most cements,

- NaCl decreases viscosity and thickening times at low concentrations and increases 

final strength.

- NaCl increases density and water loss

The chloride content found in North Sea water is generally approximately three times 

as high as the maximum limit of 4500mg/l for unreinforced concrete stated in EN 1008.

Water cement ratios for seawater mixed OPC are notionally lower than fresh water 

mixed OPC. Mayfield recommends a range of w/c from 0.35 to 0.43 for freshwater mixes 

and w/c from 0.33 to 0.41 for seawater mixes (Mayfield & Lowell Johnston & Assocs., 

1988). However, water demand is highly dependent on the origin of the cement, its chemical 

composition and Blaine fineness (FoundOcean Ltd, 2016), (DIN EN ISO19902, 2007)

(Mayfield & Lowell Johnston & Assocs., 1988)). The slightly higher strength development 

and increase in density and water loss may be the reason why seawater mixes have notionally 

lower w/c ratios. Overall, the difference is not so significant but may be attributed to the 

altered zeta potential of the mixing water, which influences the electrochemical surface ten-

sion of the soluble cement particles, resulting in a lower water demand to achieve compara-

ble workability and strength (Haist, 2009).

Trial mixes and pump tests guarantee optimal flowability and pumpability whilst min-

imizing the extent of free water, i.e. water that is neither chemically nor physically bound 

into the cement matrix. After casting, free water leads to a reduction of the grout volume and 

an associated grout volume drop can be observed by settlement of the top grout level. This 

may lead to void build up towards the upper end of the connection. In Shell’s Boxer platform

a grout settlement of up to 1.2m (4 feet) was observed, in the grouted connection of the 

Cognac platform a range of 0.74m bis 0.86m was reported for a grouted length of 30m 

(Mayfield, et al., 1979). For test specimen ID 1.24 of the JIP GOAL test matrix a drop of 

50mm was reported for a 1m grout length, however, this may also have been attributed to a 

leaking bottom grout seal, although the relative settlement would be comparable to the that 

observed at the Cognac platform. These effects are also observed when concreting cast in-

situ bored concrete piles. The initial mixing and dilution of grout with water within the grout 

annulus may lead to settlement and inconsistent grout properties. Accordingly test series 

used for derivation ISO 19902 guidelines were limited to tests which could demonstrate 
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sufficient over pumping volume (Mayfield & Lowell Johnston & Assocs., 1988) (Billington, 

1995). Also, it is important to observe waiting time and pumping speed to let ground water 

rise, which is subject to increasing hydrostatic pressure due to the increased hydrostatic pres-

sure caused by the grout mass. The effect of seawater mixed grout is also described in OTH 

Report 92 364 (Pratt & Onabolu, 1992). In the literature review described therein consider-

ation is given to the positive effects of NaCl on preventing delayed ettringite formation, since 

ettringite formation is inhibited in chloride rich solutions, although other factors such as the 

high pH environment typical for Portland cement are also believed to inhibit delayed and 

late ettringite formations as further explained in section 4.3.2 and 4.5. With reference to 

OTH Report 92 364 consideration should also be given to the MgCl which is the more reac-

tive of the two salts and may give rise to increased risk of leaching.

4.2.1 Mixing water temperature
Consideration should also be given to the temperature of the mixing water in relation 

to the cement and in relation to ambient water. Temperature differences between grout and 

water may affect the efficiency of the mixing process. Studies by Geri, suggest that at equal 

temperatures or below a minimum temperature difference drop coalescence diminishes

(Geri, et al., 2017). However, for a higher temperature gradient the Marangoni stresses pre-

vent coalescence due to recirculating flows associated with different surface tensions of two 

fluids. This may influence the mixing of the grout before pumping and the undesired segre-

gation of the grout with seawater present within the connection when the pumped grout mix 

enters the connection through the manifold. Whilst studies by Geri were conducted with oil

in oil droplets other researchers investigated the effect on other fluids such as water or wine. 

The relevance of the effect on the rheology of the cement suspension should be considered

by simulating realistic temperature scenarios replicating in-situ conditions during initial trial 

mixes (see also chapter. 4.4). Cement and water should be kept ideally in a controlled envi-

ronment at a known temperature before mixing for trial mixes. The cement should be stored 

at least 24 hours at the target temperature consistent with the mixing water temperature. 

Overall, it is assumed that these effects can be covered by trial mixes and pumpability tests. 

Therefore, the following should be considered:

 ensure consistent temperature of cement and water for testing – not necessarily 

identical but consistent for each

 measure and record ambient, grout and water temperature to investigate effect 

of temperature differences between grout and water during initial trial mixes
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4.3 Ordinary Portland Cement 

Ordinary Portland Cement (OPC) is produced mainly from calcium carbonate (calcite) 

CaCO3 and clay minerals such as, SiO2, Al2O3, Fe2O3 and small amounts of other minerals, 

which are vitrified at 1400°C-1600°C. Portland cement clinker is a hydraulic material, which 

means that it can react with and harden under water and is afterwards not soluble in water. 

OPC contains at least 66% calcium silicates (3CaO SiO2 und 2CaO·SiO2) the remaining 

mineral phases contain iron, aluminium and other materials. OPC is composed of at least

95% of cement clinker including alite (C3S), belite (C2S), aluminate (C3A), and alumino

ferrite (C4AF). For CEM I and CEM IV cement with high sulphate resistance the content of 

tricalcium aluminates C3A is to be limited to 0%, 3% 5% or 8% in line with requirements of 

DIN EN 197 or other international standards such as ASTM C150, API Specification 10 or 

DNV-OS-C502. Similarly, these standards describe characteristics or limit the content of 

constituents in order to ensure durability and consistency of the mixed cement product.

Component OPC 

CEM I 52.5 -N

Oilwell B

API Spec 10

ASTM C150

Type II

C3A < 8

< 3

< 8

< 3 

< 8

< 5 (type v)

Al2O3 5 - < 6

Cl- 0,03% 

(max<0,1%)

- NR

Na2O equivalent 0.7 - < 0.6

Cement clinker 96 97 97

Fineness to EN 196-6

(specific surface, min cm2/g)

NR 2800 (class A+B)

4000 (class C)

2800

Min compressive strength 

8h curing time (MPa)

- 1.4 NR

Min compressive strength 

24h curing time (MPa)

- 10.3 NR

Min compressive strength

48h curing time (MPa)

20 NR 10

(after 3 days)

Thickening time > 45min > 90min > 45min

Table 4.3-a Typical cement composition in % by mass of typical OPC types (NR = no requirement stated)
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4.3.1 Fineness
Cement types are also characterized by their particle size distribution and fineness. As 

a measure of specific surface area, the Blaine fineness remains the most popular measure 

although cements with different particle size distribution may have the same specific surface 

area. The fineness influences workability, pumpability, water demand, and rate of hydration, 

particular within the first hours. The total heat of hydration over time is not as sensitive to 

fineness. Lerch et al 1946 (Lerch, 1946) have published studies to show that with increasing 

fineness early age temperature development increases, which has since been confirmed by 

numerous researchers. Klaus has shown that finer particles not only to lead to accelerated 

and but also higher degree of hydration (Klaus, 2015). Cements with same surface area but 

narrower particle size distribution develop comparatively higher strength and have a lower 

water demand (Locher, 2006). However, the greater the specific surface area the greater the 

water demand and the higher is the autogenous shrinkage (Bouasker, et al., 2018). The av-

erage Blaine fineness of modern cement ranges from 3,000 cm2/g to 5,000 cm2/g (Ge, 2005). 

API Specification 10 also stipulates fineness limits, for Oilwell B cements for example 

2800cm2/g is set as a minimum, while in contrast EN197 specifies no limits. For good work-

ability, high and early strength development it is therefore desirable to use cements with high 

specific surface area and narrow particle size distribution. 

Because these parameters vary depending on source material, kiln, mill and milling 

time it is important to record as part of quality control documentation:

 specific surface area per Kg, Blaine fineness 

 particle size distribution

4.3.2 Sulphate resistance
Cement and concrete subjected to sulphate attack deteriorate due to volumetric expan-

sion and consequently suffers loss of compressive strength. Sulphate (SO4
2− ) reacts with 

calcium hydroxide to calcium sulphate (gypsum) and calcium chloraluminite, known as 

ettringite, which occupy a larger volume after the reaction. Also, crystallisation of sulphate 

salts can lead to further deterioration (Walz, 1979). Expansive forces larger than the tensile 

resistance of the cement matrix led to cracking and further ingress of sulphates. The require-

ments for resistance of cements and concrete against sulphate attack is well documented and 

captured in cement and concrete related norms and standards primarily by setting limits on

the maximum allowable C3A content to 0%, 3% or 5% in order to be classified as SR high 

sulphate resistance (DIN EN 197, BS 8110, ASTM 150). Seawater with sulphate content of 
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2200 mg/l, as typical for the North Sea (see Table 4.2-a), leads accordingly to an exposure 

class XA2, which applies for SO4
2− content of > 600 mg/l and <3000 mg/l. According to 

DIN EN 206 SR cements are mandatory for XA2. Similarly, API Specification 10 distin-

guishes between high sulphate resistant cements which are limited in their allowable trical-

cium aluminate content to <3% while moderate sulphate resistant cements of all classes may 

have up to 8% C3A.

The chemistry and risk of sulphate attack in concrete and hardened cement in grouted 

connections is also described in OTH 92 364 “Long term durability of grouts in marine en-

vironments”, which examined six different grouts mixes of OPC and Oilwell B cements, 

with C3A of 8.2% and 1.7% respectively, after five years of storage in seawater (Pratt & 

Onabolu, 1992). The sulphate attacks the aluminate hydrates which leads to the formation 

of expansive ettringite which in turn is soluble in chloride rich seawater. Excessive ettringite 

formation is hence inhibited. Magnesium chlorides present in seawater also attack the alu-

minate to form monochloraluminate, which in turn does not form in the presence of sulphate 

ions. No noteworthy detrimental effects were observed on the recovered samples (see also 

section 4.5).

Experimental tests by Lopez-Sanchez (López-Sánchez, et al., 2011) were carried out 

to relate cement characteristics to the deterioration due to sulphate and seawater attack after 

five-year exposure, and to study different test methods suitability for sulphate and marine 

resistance. Specimen sizes compliant with EN 197 40 mm*40 mm*160 mm, much smaller 

than the Binclave samples, were stored in artificial seawater with 30,000 mg/l NaCl, which 

is twice the salinity of North Sea water. Further samples were stored in a Na2SO4 solution

of 50 g/l. The solutions were exchanged once a year. It is unclear from the test description if 

samples were mixed with seawater or freshwater, but since no reference is made to seawater 

mixing it is to be assumed that freshwater was used for mixing the cement. The sulphate

resistance was classified in accordance with EN 197-1. C3A, and C4AF and SO3 content were 

used to examine relationships between these characteristics and the resulting sulphate re-

sistance. In a sulphate solution with a concentration of 34 g/l, CEM I with C3A ≤ 4% dis-

played no correlation between C3A contents and strength loss, either after 18 months or 60 

months. CEM I with more than 5% C3A show considerable strength loss after 60 months, 

CEM-R cements appear to be also long-term stable.

Disintegration or severe degradation were observed, after approximately five years of 

exposure in a sulphate solution of 34 g/l, only in the mortar specimens of CEM I (OPC) 

cements containing more than 5% of C3A. These were associated with subsequent formation 
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of large amounts of massive gypsum and ettringite in the cracks. (López-Sánchez, et al., 

2011). Accordingly, the test by Lopez-Sanchez confirmed established limits for sulphate 

resistance. The formation of gypsum in the presence of sulphate containing water or soils 

(particular with >1200 mg SO4
2-/l) can lead to sevenfold volume expansion when the C3A 

converts into ettringite. Also, tests conducted at the University of Hannover indicated that 

cements with a high sulphate resistance class displayed better strength characteristics after 

casting and curing in a large test wall with heat of hydration developed to above 100°C 

(Schaumann, et al., 2018). 

Mulenga (Mulenga, 2002) recommended tensile tests to verify sulphate resistance, ra-

ther than the compressive strength test, which are less suitable as an indicator for sulphate 

resistance. Furthermore, observing specimens at a storage temperature of 8°C and an in-

creased sulphate exposure by a negative pressure saturation was recommended. The sulphate 

resistance test should be conducted after storage for 84 days at 8°C. Sulphate resistance re-

duces with sulphate exposure time, with longer exposure ettringite and thaumasite peaks are 

observed, this effect is at 8° storage more pronounced than at 20°storage. Low porosity and 

high gel pore content have a positive influence on sulphate resistance (Mulenga 2002). These 

low temperatures are particularly relevant for most subsea grouted connections. The follow-

ing parameters should be known and recorded during laboratory testing, trial and acceptance 

tests:

 tricalcium aluminate content should be limited to <5%

 composition of mixing and ambient water/soil

 mercury intrusion porosity, air content

 temperature development and ambient temperature should be recorded 

 expansion test 

 Young’s modulus, compressive and tensile strength

4.3.3 Chloride resistance 
Limits on chloride content in cement and concrete standards are set primarily to protect 

steel reinforcement against corrosion. In application without embedded structural or non-

structural steel the limits of allowable chloride ions are set relatively high at 1.0% mass of 

cement. Lower values apply where structural steel or reinforcement steel needs to be con-

sidered; for these cases stipulated limits are for example 0.4%. (DIN EN 206, BS 8110) or 

less than 0.3% (DNV-OS-C502) and less than 0.1% in DNVGL-ST-0126. Notwithstanding 

the above, NaCl (Sodium chloride) and to a larger extent Calcium chloride CaCl are known 
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to act as an accelerator at low concentration, decreasing viscosity of the slurry and decreasing 

thickening times. NaCl also increases the density of the grout, water loss and final strength

(Haliburton, 2006). At high concentrations NaCl can however act as retarder, though this 

would occur at concentrations about ten times higher than typically found in seawater. Ac-

cording to the previous studies and investigations carried out on strength development and 

microstructure of seawater mixed OPC it can be concluded, that mixing with seawater is 

unlikely to be of concern (Pratt & Onabolu, 1992) (López-Sánchez, et al., 2011) (Lago, et 

al., 2017). Nevertheless, the exact composition of various salts may have an influence on the

strength development and rheology. Therefore, trial mixes are needed to establish the fine 

tuning of the mix design. Trials should also consider the various other aspects as fineness 

and mixing energy. In order to further examine the influence of chloride content consider 

the following:

 record the chloride content of mixing water, cement and hardened cement  

 measure chloride penetration of samples recovered from seawater, ideally from 

those stored for several years

4.3.4 Alkali silica resistance (ASR)
For neat cement grouts the following deteriorating mechanisms should not occur due 

to lack of reactive aggregates. Nevertheless, since it is not uncommon to mix in fine aggre-

gates, this reaction is briefly described in Appendix E to highlight risks associated with fine 

aggregates. Global pressure associated with ASR expansion can reach reportedly 8-10MPa

(Appendix E) (Kawamura & Iwahori, 2004) (Mansfeld, 2008). If these effects could poten-

tially be utilised to increase the capacity of grouted connections is subject to further small-

and large-scale tests on expansive properties of alkali silica reactive grouts. The work by 

Elnashai and Billington on prestressed grouted connections (Elnashai, et al., 1986) or mech-

anisms described in EP 2 851 471 B1 (Bartminn & Quintana Saavedra, 2014), would suggest 

that such an effect could be utilised using equations derived in chapter 8 and 9. If aggregates 

are used the expansion characteristics should be determined by tests in NaSO4 and Ca(OH)2

solutions. The following should be examined if AAR is to be considered:  

 relative expansion (SVA Test)

 relevant temperature levels and relevant Na2Oeq

 expansive force (measured in confined cylinders)

 effect on strength and Young’s modulus (unconfined and confined triaxial test)
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4.4 Rheology and early age cycling

Offshore structures to be secured by grouted connections are subject to movements 

caused by wave load actions until the grout in the connections has hardened. The rheological 

behavior and early age properties of grout are therefore of particular importance to offshore 

construction since operations at sea are much more weather sensitive. Due to the cost asso-

ciated with vessels, operational time windows for execution are more limited than onshore 

and need more advanced planning. The offshore industry has adopted the use of neat grout 

due to its good workability, ease of mixing and low propensity for segregation and bleeding, 

all depending on intensive mixing. Bleeding, which may still be observed, is caused by sed-

imentation of solid particles such as ultrafines coagulating to larger flocs which form darker 

streaks in the lower region of cement samples (Locher, 2006). The use of water reducers or 

fillers can control bleeding appropriately (Peng, et al., 2018). Fine grained OPC used as oil 

well cement according to API spec 10 and modern cement with high specific surface area

above 3500 cm2/g tend to bleed less than coarser cements. Lower C3A content also deceases 

the risk of bleeding, but higher Na2Oeq content increases the water separation according to 

recent studies (Jancarikova, et al., 2018). The risk of grout line blockage, as for instance 

reported on some offshore wind projects constructed at the beginning of this decade, is sig-

nificantly reduced due to the lack of fine and coarse aggregates in neat cement mixes. Nev-

ertheless, segregation of cement particles should still be considered since it will lead to 

strength and durability reductions, particular at the grout to steel interface. Also, during 

longer duration grout campaigns, the onset of hardening of the grout may affect the pumpa-

bility. Accordingly, the main rheological considerations are highlighted and summarized.

Many basic parameters are captured presently in norms and standards, such as DIN 

EN 206 which classifies self-compacting concrete according to slump values or DIN EN 445 

and 447 which stipulate limits on flowability for grouts for prestressing tendons. These limits

were derived through extensive testing, which started in the 1960s and 1970s (Wesche & 

vom Berg, 1972). Current research focuses meanwhile for example on a deeper understand-

ing of the influence of retarders and superplasticizers. Rößler has shown that the use of su-

perplasticizers not only allows lower water cement ratios but already the presence of super-

plasticizers leads to high strength even if w/c ratio is maintained. This was explained by the 

higher particle packing density (Rößler, 2006).

The rheological behavior also needs to be considered with regards to strength devel-

opment under early age cycling caused by wind and wave induced motions during the curing 
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period of the grout as described in chapter 5.8. According to Wesche and investigations con-

ducted at RWTH, cement grout has the properties of a visco-plastic Bingham plastic. Its 

viscous behavior is depending on the loading and unloading rate. The behavior is dependent

on time and the strain and loading history. At rest, the cement suspension behaves like gel 

and under mechanical stress it shows fluid behavior (Wesche & vom Berg, 1972). The vis-

cous behaviour (viscosity and yield stress) is a function of the w/c ratio, fineness (Flatten 

1972) and use of superplasticizers. The yield stress and the viscosity are increasingly sensi-

tive to the Blaine fineness as w/c ratios decrease, which was shown by Papadakis and 

Wesche. For w/c ratios between w/c = 0.3 and w/c = 0.4 as typically used for offshore 

grouted connections, the yield stress rapidly increases with only a slight increase of the 

Blaine specific surface area (Wesche & vom Berg, 1972). The alkalinity of the mixing water 

has also an influence on the viscous behaviour as was also observed by Haist who investi-

gated the viscoelastic deformation behaviour of fresh cementitious suspensions (Haist, 

2009).  Haist could prove that the rheological properties of fresh cement-pastes are charac-

terized by a superposition of the viscous properties of the carrier-liquid and the viscoelastic 

properties of the suspended particle agglomerates. With regard to the subject of seawater 

mixed grouted connections this implies that some cements could display different rheologi-

cal behaviour with varying the composition of the seawater (Haist, 2009).

It appears that mixing neat cement with alkaline seawater has a slight beneficial effect 

on the rheological behavior of the slurry, since the alkalinity increases the Bingham behav-

ior, i.e. an initial shear stress is required before the viscous behavior is displayed. The higher 

yield stress of the slurry the better cement particles are kept in place. The effects of a higher 

shear stress of the viscous cement paste have presumably beneficial effects on early age 

cycling behaviour, since the paste behaves elastic for a larger range of movements. On the 

contrary lower porosity achieved by use of superplasticizers has a positive effect on strength 

(Rößler, 2006). It is still to be investigated by comparative tests series, which compare sea-

water and freshwater, and mixing energy on the rheological behavior, if the slight alkalinity 

has indeed a practically noticeable effect on slump or the stability against segregation and 

resistance against dilution during pumping into underwater connections or during the early 

age cycling. Due to regional differences and local abnormalities, it is recommended that

seawater sampled from a 15-mile radius of the target site is used to conduct trial tests and 

pumpability trials (Mayfield & Lowell Johnston & Assocs., 1988). No comparative studies 

of seawater mixed grout versus freshwater mixed grout on their influence on early age 
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strength reduction could be found in the literature reviewed. Also, the suitability of super-

plasticizers for submerged grouting and their influence on EAC strength reduction remains 

to be investigated.

In summary the following parameters influence the rheology of the cement slurry and 

should be recorded during testing and verified before field application as variance in any one 

of these parameters could influence workability and long-term performance:

 w/c ratio 

 Blaine fineness, particle distribution 

 particle form

 chemical composition, alkalinity of cement and water

 mixing procedures and equipment, 

 mixing intensity

 temperature of constituent materials and ambient

 conditions during (early age movement, temperature, humidity)

 final packing density (measured by mercury porosimeter)

Therefore, it is important to carry out qualification tests to verify rheology by

 segregation sedimentation 

 slump test, 

 tests to determine characteristic setting time 

4.5 Heat of hydration

The UK Health and Safety Executive led test programme on long term durability of 

OPC grouts in the marine environment summarized in the OTH 92 364 Report (Pratt & 

Onabolu, 1992) included also measurement of the heat output curves during the first 60 hours 

of curing for seven mixes of OPC, Oilwell B and high alumina cement (HAC) mixed with 

seawater and freshwater, including 3 mixes containing superplasticizers. All mixes were 

prepared with a w/c ratio of 0.34, except the HAC mix which was prepared with w/c = 0.4. 

Sodium and Chloride content of the seawater amounted to 31060 mg/l. The heat output was

measured by adiabatic calorimetry in a Wexham Instruments isothermal conduction calo-

rimeter at 20°C, using 10 g samples and appropriate amounts of mixing water and admix-

tures. For freshwater-based mixes the heat output ranged between 3.1 and 3.37 W/Kg, and 

between 4.1 and 4.67 W/Kg for seawater-based mixes. The mix with added 2% calcium 

chloride peaked notably higher at 16.2 W/kg. The seawater mixes displayed a noticeable 
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second peak after about 10 hours, which was attributed to the reaction of C3A with chlorides 

to form trichloroaluminates and ettringite, despite low levels of C3A contained in the con-

stituent cement. It is unclear if the formation of ettringite was stable or dissolved during the 

ongoing hydration process (Pratt & Onabolu, 1992).  

Figure. 4.5-a Hydration energy over time for Oilwell B cement with tap water (OBT) and Oilwell B cement mixed with 
seawater, both with w/c = 0.34 (Pratt & Onabolu, 1992)

Investigations in a simulated thermally insulated grout annulus of 400 mm thickness 

conducted at Leibniz University Hannover, within the research project GROWup, showed a 

heat of hydration development of up to 125° C and a temperature gradient reaching 96° K,

which led for the CEM I 52.5R sample to macroscopic surface cracks (Schaumann, et al., 

2018). Several heat-treated samples were also tested for expansion by SVA tests, to investi-

gate if temperature associated delayed ettringite formation would lead to expansion. Expan-

sion remained for all mixes below the threshold value of 0.5mm/m. Cement mixed with 

artificial seawater showed slightly higher expansion but remained also below 0.3mm/m. Ex-

pansion of freshwater mixed CEM I 52.5R was just below 0.2 mm/m.

In 2011 grout contractor FoundOcean Ltd conducted a series of heat of hydration grout 

trials of OPC CEM I (FoundOcean Ltd, 2011) to establish heat of hydration development on 

test sample cubes with three different edge sizes, including 500 mm and 1000 mm cubes and 

a 1500 mm*1600 mm*1600 mm cuboids. The trials were partly adiabatic.
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The w/c ratio was quoted at w/c=0.4 with slurry weight of 1.98 kg/m3. The temperature 

was measured at the centre of the test sample and for the 1500 mm cube also 250 mm below 

the surface. Temperatures for the 500 mm cube reached 125°C and the larger 1500 mm 

cuboid reached Tmax = 144° C. After 8 days of curing five core samples with 75mm diameter

bore were taken. Two cores were tested immediately and a further two tested after 28 days 

and were compared to 75 mm cubes. For the cores taken from the 1500 mm cuboid the

compressive strength reached 49.5 MPa and 47.5 MPa after 8 days and 48MPa and 52 MPa 

after 28 days, the latter is to be compared to an average reference cube strength of fc,avr =

60.41 MPa, equating to 83% of cube strength. Similar results were observed for the 500 mm 

and 1000 mm cubes and cores.

Heat development curves for all samples are displayed in Fig. 4.5.2. Clearly visible is 

the first heat peak after 1hour followed by the second and maximum peak after approxi-

mately 4 to 6 hours A third peak or plateau is visible after approximately 10 hours, showing 

similar characteristics as the Bincleaves samples. Although with noticeable difference for 

edge and centre conditions. Notably the heat curve of the largest cuboid develops a third 

peak of slightly higher temperatures than the second peak.

Figure. 4.5-b Heat development for cubes sizes 500mm, 1000mm and 1500mm, courtesy of FoundOcean

Reportedly all grout samples and recovered cores were in good condition after removal 

of the form work. Only the 1000 mm cube displayed 5 mm deep surface scaling in one 

corner.
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The development of high heat of hydration exceeding 120°C, and reaching 145°C in 

cases, is of concern regarding internal stress development, microcracking and possible de-

velopment of delayed ettringite. which in turn would be a source for thaumasite develop-

ment.

Bollmann investigated the ettringite development in non-heat treated concrete

(Bollmann, 2000). The temperature range of the tests carried out by Bollmann covered the 

range from 20°, 40°, 60° to 105° C. Bollmann concluded that ettringite formation in non-

heat- treated concrete, often is not the cause but the consequence of other durability issues, 

which may be aggravated by ettringite formation. However, the test temperatures in Boll-

mann’s tests were applied at the hardened concrete and not during the hydration phase. Nev-

ertheless, Bollmann concluded that it is more the alkalinity of the pore water and pH value 

which influence the stability of ettringite than the temperature itself. It was established that 

the alkalinity of pore water reduces the stability temperature threshold, below which ettring-

ite is soluble, to below 85° C. Bollmann further pointed out that cement is at special risk of

cracking when the high alkali content is above 1.1 Na2O-equivalent and furthermore that 

primary ettringite is dissolved as soon as pH-value reaches 13.6 and above. Re-crystallisa-

tion of ettringite may than be facilitated by leaching, i.e. wash out of alkali content usually 

associated with cracked concrete exposed to alternate wetting (Bollmann, 2000). Therefore,

it is important to control the MgCl content, since MgCl has a higher propensity for leaching 

as pointed out in chapter 4.2. Bahafid investigated the effect of heat treatment of up to 90°C

during the hydration process for Oilwell G Cement, which had less than 3% C3A. In Ba-

hafid’s tests no ettringite was detected for the cement cured at 90° C, possibly due to the low 

C3A content. It should be noted though that samples were analysed after 28 days of curing 

and therefore delayed ettringite formation was unlikely to be observable (Bahafid, et al., 

2017). Roderik in turn investigated the effect of ultra-high temperature curing above 150°C 

for geothermal well cements. Although his studies focussed on the effectiveness of Silica 

stabilized cements, also neat OPC was investigated. It could be observed that the heat expo-

sure of up to 24h had little effect on the strength, while substantial loss of strength was 

observed when heat exposure continued or several days and was increased to >280° C 

(Roderick, et al., 2019). Consequently, the following should be investigated:

 heat development in full-scale and half scale specimens cast under water at 

realistic temperatures

 validation of heat development temperature gradients and influence on strength 

of full-scale test specimen performance



53

 development of thermal induced cracks

 record if the crack size reach t > 0.5mm

 chemical composition of cement after curing at high temperatures

 compressive strength of heat treated samples 

4.6 Strength development and Young’s modulus

The strength development of concrete is described in DIN EN 1992 chapter 3.1.2 as 

function of the average 28d, time (t) and constants (s) depending on the cement type.

fcm(t) = βcc(t) ⋅ fcm

with            Equation 4-a

βcc(t) = 푒�[�����
� ]

            Equation 4-b

The influence of seawater mixing on accelerated strength development of neat OPC

was reported by Mayfield (Mayfield & Lowell Johnston & Assocs., 1988). The tests con-

firmed the early strength development of seawater mixed OPC (ASTM C150 Type II), which 

is beneficial to address effects of early age load exposure in the sense, that larger wave loads 

can be sustained earlier.

Figure. 4.6-a Strength development vs sample age for seawater and freshwater OPC grout (Mayfield & Lowell Johnston & 
Assocs., 1988)
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The strength development of three types of OPC (CEM I 52.5 R, CEM I 52.5 R.HS and 

CEM III/B 42.5 L) were tested during the GrowUp project (Schaumann, et al., 2018). Com-

pressive strength of test cylinders (150mm/300mm) at 28d for all cements were above 60 

MPa with CEM I 52.5 displaying the highest early strength and the highest strength after 56 

days. Test specimens were stored and tested under laboratory environment conditions at 

20°C. All specimens were mixed with a w/c ratio of 0.4. The stiffness development was also 

recorded. The OPC CEM I 52.5 reached a Young’s modulus of E = 17000 MPa after 28d 

(Schaumann, et al., 2018). The curves indicated a correlation between the time dependent 

development of compressive strength and Young’s modulus.

Figure. 4.6-b Strength and Stiffness development of OPC Cement at 20° (Schaumann, et al., 2018)

Similar to the strength development of the Young’s modulus of concrete is described 

in DIN EN 1992 ch.3.1.3 as function of 28-day strength, time dependent strength and 28 day 

secant stiffness Ecm

Ecm(t) = [fcm(t) / fcm]0,3 ⋅ Ecm

Equation 4-c

It is recommended to adjust the calculated modulus depending on the type of aggre-

gates, upward for basalt-based aggregates and downward for quartz or limestone-based ag-

gregates. Accordingly, the validity of this formula for neat cement, lacking any aggregates, 
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must be investigated. According to Manns (Manns, 1970) the static E-Modulus of neat ce-

ment varied between 5400 MPa and 18400 MPa, for water cement ratios of 0.7 to 0.4, the 

lower the w/c ratio the higher the stiffness. Also, the stiffness increased with increasing 

Blaine fineness. It should be established how recommendations for strength and Young’s 

modulus development in DIN EN 1992 must be modified to be applicable to neat OPC.

Figure. 4.6-c Strength and Stiffness development of OPC Cement at 20° (Schaumann, et al., 2018)

In order to understand the suitability of the above formula and sensitivity to varying 

site conditions and environmental conditions the following should be investigated

 strength development over time for seawater mixed vs fresh water mixed OPC

 strength development for various ambient and slurry temperatures

 Young’s modulus development for various ambient and slurry temperatures

 comparison of lab tested results with in-situ cores
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4.7 Stress-strain behaviour

Neat cement specimens have a lower Young’s modulus than comparative grout mortar 

specimens as explained in 4.6 and show a more ductile behaviour than grout mortar speci-

mens. The neat grout specimens display longer and flatter plateau on the stress-strain curve 

at peak loads. This was shown by Harsh who investigated the strain rate sensitivity of neat 

grout and grout mortar samples on 3 in. by 1 in by 1in prismatic specimens, which were 

saturated throughout the testing (Harsh, et al., 1990). The neat cement could sustain approx-

imately 10% higher stresses for all strain rates and failed at a strain up to twice as high as 

the grout mortar samples.  The gout mortar samples however display a less abrupt post peak 

drop in the stress strain curve and have comparatively higher Young’s modulus. Reportedly 

the neat grout samples failed very violently, particular at higher strain rates.

Fig. 4.7-a Strain rate dependent load displacement curves, neat grout (top) and grout mortar (bottom) both with w/c = 0.3

(Harsh, et al., 1990)
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4.8 Long-term properties of seawater mixed grout 

The various deleterious mechanisms described in previous chapters have raised con-

cern in the past about the long-term durability of seawater mixed neat grout. An in-situ long 

term test programme on the durability of seawater mixed grout for offshore grouted pile 

sleeve connections was carried out by the Department of Minerals at Imperial College Lon-

don analysing samples prepared in 1983 during the Bincleaves Admiralty Research Pro-

gramme (Pratt & Onabolu, 1992). A total of 15 samples from 5 different cement mixes in-

cluding High Alumina Cement (HAC), OPC and Oilwell B cement were mixed in 150mm 

diameter and 3m long tubes and stored under seawater in submerged conditions in a seawater 

tank at Portland harbour and in tidal conditions at the jetty of the harbour. Generally, the 

investigations into the microstructure development, chloride penetration depth, porosity and 

heat of hydration development confirmed previous work on seawater mixing. With increas-

ing depth (distance from exposed surface), the degree of porosity decreased, lowest levels 

of porosity were observed in specimens which were mixed with 2% added CaCl. Interest-

ingly, the five-year-old specimens showed the lowest and lower than expected porosity, pos-

sibly because they were protected by marine growth. Maximum chloride content was 

reached at a depth between 4-6 mm. Chloride content for most mixes exceeded the 0.4% 

mass limit of DIN EN 206 and BS 8110, and one specimen with 1.11% also marginally

exceeded the 1% limit according to DIN EN 206 for unreinforced concrete. Nevertheless,

the engineering consequences of this were deemed to be small due to the small penetration 

depth and values even for the mixes with Oilwell B mixed with seawater and 2% added CaCl 

values ranged between 1.1% and 1.4% at 50mm depth, which is only slightly above thresh-

olds stated in DIN EN 206. The test programme however did not report on long-term strength 

development. This in turn was investigated on samples from West Sole platform, one of the 

first North Sea offshore platforms which was decommissioned by Wimpey in 1978 only 11

years after installation. After decommissioning and removing the well, the deck was re-

moved from the jacket (see Fig.4.8-a) and the jacket structure was then removed and taken 

to Highlands Fabricators in Scotland where the leg sections containing the grouted piles were 

cut into sections and tested under axial load to failure. Failure strengths were much in line 

with expectations. The cement mix consisted of seawater mixed Oilwell B cement with w/c

ratio of 0.34 and 2% Cormix SP1G (superplasticiser), identical to the Mix No3 of the Bin-

cleaves ARE programme. The compressive strength of the grout was derived from 50 mm 

cylindrical samples recovered from the 2 in grout lines. Microstructure analysis of the spec-
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imen showed that seawater mixed Oilwell B cement had a significantly higher rate of hydra-

tion and lower porosity than fresh water mixed OPC grout, suggesting a better long-term

performance (Pratt & Onabolu, 1992). These were amongst the earliest tests to confirm the 

long-term performance of OPC seawater mixed grouts in the marine environment (refer also 

to chapter 5.11 for structural performance of grouted connections)

Figure. 4.8-a Decommissioning of West Sole (image courtesy of Helacol)

Figure. 4.8-b Relative strength development of fresh and seawater mixed concrete (Otsuki, et al., 2011)

Otsuki et al at the Tokyo Institute of Technology compiled data and research related 

to the use of seawater as mixing water for concrete and compared different cements and 

additives such as blast furnace slag and their long-term influence on the compressive strength 

of the concrete. Compressive strength data was available for samples tested at the ages of 

seven days (only for high early strength cement concrete), 28 days, 1 year, 5 years, 10 years 
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and 20 years. The tests were performed according to Japanese Industrial Standards (Otsuki, 

et al., 2011). The values reported were the average of three specimens each of same compo-

sition and age. A compressive strength ratio was defined as the ratio between the compres-

sive strength of concrete mixed with sea water and that mixed with fresh water. The time 

dependent changes of the compressive strength ratios were shown in Fig. 4.8-b. The strength

ratios ranged from 0.9 to 1.1 for all mixes. For OPC mixed with seawater the strength after 

20 years was slightly higher than OPC concrete mixed with fresh water (Otsuki, et al., 2011). 

Overall, the influence of the mixing water was not so significant and fell within the expected 

statistical scatter, particular once the relatively small number of samples is considered.

Boos investigated the durability of Portland cement-based surface coating used in po-

table water storage in order to uncover the cause of frequently reported loss of strength and 

discoloration in such applications particularly related to OPC mixed with modified mineral-

ogy or added polymers (Boos, 2003). The research revealed that defects were associated 

with shot blasted application methods. Boos concluded that lower pH values lead to leaching 

and decomposition of the hydrate structure. The presence of electrical potential of up to 

800mV had no further deleterious effect. Boos recommended w/c ratios to be < 0.5, mercury 

intrusion porosimetry after 24h vacuum storage and 28-day storage shall be limited to P28d < 

12 Vol-% and to P90d < 10 Vol-% after 90 days, Boos also recommended minimum 28 d

compressive strength of 45 MPa (Boos, 2003). It would appear, according to his studies, that 

the presence of cathodic protection systems, to protect the structural steel components 

against corrosion is of no concern for offshore structures in relation to the chemical durabil-

ity of the grout. Effects of applied currents are therefore not the focus of further tests. The 

long-term performance of seawater mixed OPC should be validated by 

 SVA durability tests, storing specimens in NaSO4

 comparison of chemical composition after > 360d

 mercury porosimetry test

4.9 Fatigue behaviour 

The fatigue behaviour of neat OPC cement was investigated by Holzapfel (Holzapfel, 

1970). Holzapfel showed that the dissipated energy, measured as the area enclosed by the 

hysteresis curve is a relatively constant value depending on the cement compressive strength, 

w/c ratio and load level, suggesting a dependency on the Young’s modulus (Fig. 4.9-a). This 

behaviour is examined at system level in chapter 7.4.4.
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Figure 4.9-a Dissipated energy of cyclical loaded cement cylinders (Holzapfel, 1970)                      
(note superseded denomination of cement PZ 275 ≈ CEM I 42.5, PZ 475 ≈ CEM I 52.5)

Hohberg (Hohberg, 2004) reviewed the work of a number researchers who investi-

gated the load-strain behaviour of concrete (Holmen, 1979), (Kunze & Frank, November 

1978) (Mehmel & Kern, 1962) and reported a reversal of the curvature of the hysteresis 

curve under cyclic loading. In the tests by Holzapfel this phenomenon could not be observed 

for neat cement cylindrical specimens under cyclic compression loads of up to 70% com-

pressive strength. Neither Model Code 2010 nor any of the offshore standards take the cur-

vature of the stress-strain relationship into account. In how far this behaviour of constituent 

material is transferable to the assembly of the concentric grouted connections remains also

to be answered. It was reasoned that the curvature reversal is caused by the destruction of 

the aggregate structure, geological strain history of aggregates and voids (Hohberg, 2004). 

Since the full connection assembly may have a similar effect on the matrix structure, strain 

history and void distribution, the transferability of this behaviour would need to be examined 

on actual specimens. In any case it appears that for concrete this reversal occurs in the very 

first load cycles, as can be seen in Fig. 4.9-b. The behaviour of neat cement grout is displayed 

in and Fig. 4.9-c.
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Figure 4.9-b Reversal of load displacement hysteresis for concrete (Mehmel & Kern, 1962)

Figure 4.9-c stress strain hysteresis of neat OPC (Holzapfel, 1970)
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4.9.1 Influence of loading frequency and loading rate
The influence of the cycle frequency on the fatigue behavior of concrete and grouts 

was investigated by Hohberg (Hohberg, 2004), who could generally confirm investigations 

by Reinhardt et al. However, the investigations revealed that concrete specimens subject to 

loading lower than the critical stress level of 0.66 fcu could sustain more load cycles with

decreasing load frequency. For higher stress levels the effect reversed. As expected, lower-

ing the upper stress level increased the number of sustainable load cycles. Similar effects 

were observed by Bode on gout mortar tests (OPC CEM1 52.5 R with sand aggregates), for 

load levels at Smax = 0.6 to Smax = 0.8 tested at 2 Hz and 8 Hz (Bode, et al., 2019). Bode 

observed for lower frequencies a comparatively poorer performance at higher stress levels, 

and better performance than the 8 Hz test for stress levels below Smax = 0.65. However, the 

data basis for conclusive statements is limited considering the usual scatter of fatigue test 

data.

          
Figure 4.9.1-a Fatigue resistance vs strain for concrete for various test frequencies and critical stress ratios (Hohberg,2004)

Figure 4.9.1-b Fatigue resistance vs frequency for concrete at high critical stress ratio (Hohberg,2004)
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Tests carried out by Sorensen at Aalborg University on high strength grout cylinders 

mixed with sand aggregates and a cube strength of fcu= 141 MPa tested in air and submerged 

conditions, revealed a substantial increase of cycles to failure for higher frequency for the 

one comparative series tested submerged (Sørensen, 2011). Zheng investigated the stress 

strain behaviour of different cements subject to varying loading rates under triaxial confine-

ment. It was shown that at lower strain rates the cement responds less stiff and less smooth

to the stress, while under higher loading rates the stress strain curve was smoother. (Zheng, 

et al., 2017). Generally, the higher load frequency and higher strain rate leads to higher sus-

tained load cycles at material level. The current state of science with regards to the influence 

of the load frequency on the assembled connections is further described in section 5.8.

4.9.2 Influence of load sequence 
Load sequence tests for concrete have been conducted by several researchers. These 

were summarized in DAfStb Heft 618 (Marx, et al., 2017).  According to Palmgren Miner, 

the damage equivalent can be calculated independent of the load sequence. This hypothesis 

was challenged by several researchers who concluded that the Palmgren-Miner rule is not 

applicable for reinforced concrete (Zhang & Phillips, 1997), albeit an apparent similar num-

ber of researchers appear inconclusive on the subject. Also, Grünberg and Göhlmann con-

cluded in their test that the energy dissipated in damage associated with a load sequence is 

equivalent to an explicit damage equivalent state (Grünberg & Göhlmann, 12/2004 und 

01/2005). Load sequences with the same amount of in damage dissipated energy could be 

related to the identical damage state of a load sequence at another stress level. The majority 

of tests indicate though that sequences with an increasing upper stress level led to higher 

damage. Accordingly, tests with increasing stress levels will lead to more conservative re-

sults. For concentric grouted connections, the vast majority of tests have been conducted at 

constant load levels with R = -1. Hence it is questionable in how far these can be related to 

cyclic tests on cylindrical specimens with R > 0. The inherent conservatism due to R = -1 

testing may cover for the effects, as the load sequence effects in the documented concrete 

test was associated to deviations from D = 0.7 to D = 1.5, with one test at D = 0.428; with 

damage = D = n/N (Zhang & Phillips, 1997). Whether behaviour of constituent material is 

reflected for the assembled connections is yet another question and to be verified by larger 

comparative tests. Nevertheless, the application of Miners rule should be viewed with some 

caution, to obtain conservative results from tests at different load levels observe the follow-

ing:
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 load sequences with increasing upper stress levels will lead to higher damage 

and accordingly more conservative results compared to sequences with de-

creasing stress level

4.9.3 Influence of submerged loading
The influence of storage conditions on compressive strength is well known. In Ger-

many storage conditions in water or under wet towels for the first 7 days were first defined 

in 1916. Concrete stored in submerged conditions is known to exhibit a lower compressive 

strength than concrete stored and cured in dry conditions, which is explained by the excess 

pore water pressure (Loch, 2014). The influence of moisture content of cyclical loaded neat 

cement was already referred to by researchers in the 1960 and 70s (Holzapfel, 1970). It was 

however difficult to ascertain if excess pore water pressure of microcracks and shrinkage 

cracks were responsible for the lower fatigue performance. Sorensen conducted comparative 

cyclic tests on high strength grout with fcu= 141 MPa on 60mm by 120mm cylinders

(Sørensen, 2011). It was found that for equal load and equal test frequencies the underwater

specimens failed significantly earlier than specimens tested in air (Sørensen, 2011). Also of 

interest are the investigations by Nygaard who examined the influence of moisture content 

on fatigue performance of high strength concrete on cylindrical specimens with aspect ratio 

of 1/3 ranging from 50mm diameter to 450mm diameter and 1350mm height (Nygard, et al., 

1992). The largest specimens showed the moisture content to have little influence, whilst for 

the specimens with 50mm and 100mm the dry specimens achieved up to 100 times more 

cycles than the wet specimens (Nygard, et al., 1992). Reduced fatigue performance of sub-

merged “in water “concrete is accounted for in DNV-OS-C502 (DNV-OS-C502, 2012) by 

using a reduction in the C1 factor in Eq. 4.8 from 12 for “in air” condition to 10 or 8 for in 

water conditions with compression -compression loading or compression-tension loading 

respectively.

푙표푔��푁 = 퐶�
�1 − 휎���

퐶� ∗ 푓���
�

�1 − 휎���
퐶� ∗ 푓���

�

          Equation 4-d

Therefore, the following should be considered in the test programme:

 fatigue performance testing under dry and submerged conditions on large scale 

specimens under otherwise constant influencing factors (load level, frequency, 

strain rate, strength, specimen size)
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4.10 Creep

Fatigue tests should be accompanied by creep tests in order to distinguish fatigue re-

lated effects from long-term effects associated with the average stress. Relatively little in-

formation is available related to creep tests on neat OPC. None of the published reports and 

papers screened had creep tests accompanying the cyclical tests. This may be explained by 

the fact that the majority of fatigue tests on grouted connections were conducted at full re-

versing loads with R = -1, in which case there would be no influence of creep. Wischers 

described the creep behaviour of neat cement matrix for varying water cement ratios showing 

a rather ductile behaviour. Samples behaved increasingly stiff with increased curing age and 

with reduced w/c ratios (Wischers, 1978). Locher describes the basic principles of creep for 

concrete, mortar and hardened cement paste to behave in principle similar displaying the 

same components contributing to the total deformation, namely initial (elastic and plastic) 

deformation before loading, shrinkage, elastic deformation after loading, delayed elastic de-

formation after loading and plastic flow (Locher, 2006). Locher reports that creep is approx-

imately proportional to up to 50% of ultimate load. It decreases with higher strength advanc-

ing hydration and lower w/c ratio. Creep is reportedly substantially reduced by autoclaving

(Locher, 2006).  The creep behaviour of ultra-high strength concrete was recently investi-

gated by Li Quian et al. They established a high non-linearity of the creep behaviour and 

higher strain, approximately 1.2 – 2.3 times higher than under static loading, with rapid strain 

increase during the early cycles. Since real structures rarely experience full load reversal 

more knowledge and attention should be paid to the creep effects if long-term tilt is of a 

concern. However, recent trends in offshore wind foundations have shown that the former 

strict lifetime inclination limits imposed by turbine manufactures of 0.5° were relaxed to 

0.75° and that for floating structures these limits are waived altogether. Nevertheless, to ac-

count for resulting second order moments an assessment of creep effects may still need to 

be considered.

 fatigue tests should be accompanied by creep test at comparable load levels

 creep tests should consider offshore submerged conditions, conduct creep tests 

on sealed specimens to avoid drying under load

 creep tests should investigate if nonlinearity exists at approximately 50% of 

ultimate load for submerged wet conditions
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5 Description of failure modes of concentric grouted connections

Failure modes of concentric grouted connections can be classed in the following cat-

egories (Aritenang, 1989) (Arup001, 2015):

a. failure of the steel tubular and shear keys

b. static grout failure (ultimate limit state)

c. fatigue related grout failure (fatigue limit state)

d. significant loss of stiffness (serviceability limit states)

The definition of the failure modes can briefly be summarized as follows:

a.) steel failure: yielding and buckling or fatigue failure of the steel

b.) static grout failure: Defined as the onset of plastic deformation under sustained 

loading (see chapter 5.13 and Fig.5.13a) – various subcategories are described in 

chapters 5.2 through 5.6

c.) fatigue grout failure: inability of the connection to sustain the applied loads, typi-

cally associated with rapid increases in deflections per cycle, which may be as high 

as 10% of the pile diameter (Billington, 1994).

The crack patterns observed in a connection failed under cyclic load are similar to 

those subject to ULS load failure and are geometry dependent and load independent.

d.) serviceability limit states: These conditions may need to be defined based on the 

performance requirements of the structure carried by the grouted connections. For 

offshore wind turbines it is suggested by the author that limits can be defined by a

limitation of the relative change in the first, second and third natural frequency to be 

< 5%. Differential settlement and overall inclination limits may also apply.

5.1 Steel failure

In actual offshore designs the L/D (pile length to diameter) ratios are typically 4-12 

but could reach 30. In these cases, the ultimate bond strength capacity of the connection 

cannot be reached without yielding of the steel tubulars (Aritenang, 1989). The possibilities 

of steel sleeve yielding and buckling in long connections was studied on behalf of the de-

partment of Energy in 1986 by Wimpey. The test demonstrated that all specimens failed at 

stress levels above yield strength of the steel and that therefore sleeve sections could be 

analysed utilizing full plastic capacity of the steel section. Parametric studies by Aritenang 

have shown that the yielding of the steel tubulars can become the governing factor even for 

L/D ratios of 4 (Aritenang, 1989).
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5.2 Grout matrix failure

Grout matrix failure is defined as the failure along the cylindrical plane at the tips of 

the shear keys of the inner tube as shown on the right of Fig 5.2-c (Lotsberg & Lervik, 2011), 

(Billington & Chetwood, 2012). The two typical failure modes of concentric grouted con-

nection can be associated with certain geometrical boundaries of the shear key arrangement. 

If the shear key height over spacing ratio h/s > 0.6, then the governing failure mode is the 

grout matrix failure, as shown in Fig. 5.2-a for typical compressive strength of fck = 52MPa.

For grouts with higher compressive strength the change of the governing failure mode from

interface shear failure (ch.5.3) to grout matrix failure shifts to higher h/s, however for high 

strength grout (fc > 80MPa) this may have to be validated as the test basis for high strength 

grouts is limited. This is an important point to note when comparing fatigue performance 

and failure modes of high strength grouted connection to grouted connections with OPC.

Figure 5.2--a Strength equation for grouted connection with varying h/s fck= 52 MPa for DIN EN ISO 19902 design formula
(Arup001, 2015)

Figure 5.2-b Strength equation for grouted connection with varying fck and h/s =0,05 for ISO 19902 design formula
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Figure. 5.2-c Interface shear failure - left, grout matrix failure - right (Billington, Chetwood 2012)

5.3 Interface shear strength (and local crushing at shear keys)

Shear key interface failure is always associated with a degradation of the grout beneath 

the shear key. The grout beneath the shear key is subject to very high local stresses, exceed-

ing its compressive strength and also exceeding the compressive strength capacity under 

triaxial confinement. This will lead to initial movement and slippage allowing cracks to de-

velop. 

Figure 5.3-a Typical interface shear failure, diagonal crack and wear behind shear key on inner tubular (Aritenang, 1989)
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It is therefore also often accompanied by diagonal cracking originating from the load 

introducing tubular. If the distance between shear keys is large compared to the grout annulus 

width only one shear key is involved, for larger annuli both shear keys on the inner and outer

tubular are involved (Aritenang, 1989). This description of interface shear failure is also 

associated with the main failure mode as described in the compression strut model (Fehling, 

et al., 2013) (Raba, 2018). The compressive stresses are accompanied by splitting tensile 

stresses which lead to diagonal cracking normal to the direction of the compression field.

Finite element modelling of the grouted section with volume elements captures this failure 

mode well. Fehling et al  (Fehling, et al., 2013) describe in detail the considerations and 

guidance for accurate material model assumptions, testing and validation of the constitutive 

material model required in FE code to capture the stress strain behaviour under triaxial 

stresses. Such models are imperative to model behaviour under predominant bending loads. 

In such load situations the ovalization leads to non-uniform stress distribution around the 

circumference and along the length of the connection (Fehling, et al., 2013) (Wilke, 2014). 

For axial load to bending moment ratios as typically seen in pile connections for jacket foun-

dations, DIN EN ISO 19002 states that the effects are negligible. In bending and shear, the 

grout principally acts as a confined spacer transferring compressive stresses only. The rep-

resentative interface strength for axial force is thus not reduced by coexisting bending and 

shear. DNVGL-ST-126 refers to a ‘nominal contact pressure’ to describe radial compressive 

stresses in the grout annulus due to bending and shear and limits ‘nominal contact pressure’ 

to 1.5 MPa. It was also the subject of the research aim of the JIP GOAL project to investigate 

if coexisting bending moments as typically seen in offshore wind turbine jackets have a det-

rimental effect (Arup005, 2019). In fact, coexisting bending has been shown to have a ben-

eficial effect on ultimate capacity in recent tests at the University of Kassel. These demon-

strated an increase of 12% due to beneficial effects of coexisting bending resulting from 

applying the load with an eccentricity of 70mm i.e. 30% of inner tube diameter (Aboubakr, 

2020). Aboubakr also investigated the crack propagation and shape of the load displacement 

curve comparing connections with three and five shear keys. These comparisons revealed a 

significant difference for the short specimen, with five discrete stages (see Fig 5.3-b). It can 

be concluded that test specimens should ideally have at least five effective shear keys to 

represent in-situ practical applications and reduce effects related to stress concentrations at 

the end of the specimen.

It is otherwise unlikely that beneficial circumferential stresses can develop suffi-

ciently, also because the boundary conditions of Lame’s equations would not be fulfilled, 



70

refer to section 8. This is also revealed by comparison of JIP GOAL box test with short 

cylindrical test Fig 5.3-b and Fig 5.3-d top, and may explain why the box specimens dis-

played a lower than expected capacity

Figure 5.3-b Typical load displacement curves for connection with 3 shear keys and FE simulation for three shear keys 
below (Aboubakr, 2020)
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Figure 5.3-c Typical load displacement curves for connection with 5 shear keys top and FE simulation for five shear keys 

below (Aboubakr, 2020)
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Figure 5.3-d Typical load displacement curves under static load JIP GOAL; top - box specimen 1.07; bottom - cylindrical 

specimen 1.02 (KIT01, 2017) (KIT02, 2017)
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5.4 Bond strength friction failure

From tests carried out at Veritas Structural Laboratory in Singapore a friction coeffi-

cient of μ = 0.7 was derived as reported by Sele (Sele, 1992). This value corresponds to the 

friction coefficient of μ = 0.7 stated in DNVGL-ST-0126 (DNVGL-ST-0126, 2016). How-

ever, a much lower coefficient of friction of μ = 0.4, was derived in tests by Fehling (Fehling, 

1990) and Lotsberg (Lotsberg, 2013), while Wilke (Wilke, 2014) stated a value of μ = 0.56 

best matches with test data and simulations. Tests conducted by Dallyn on wet and dry spec-

imens, with corroded and uncorroded steel using high strength grout, yielded coefficient of 

friction values between of μ = 0.5 and μ = 1.5. The scatter band notably narrowing as cycles 

exceeded N = 250000, the uncorroded wet samples starting with a low friction coefficient of 

μ = 0.5 increased in value to μ =0.8 above 300,000 cycles. The samples which started with 

high coefficient of friction of μ =1.5 reduced to values between μ = 0.9 and 1.1. Overall, the 

values of μ = 0.7 suggested in DNVGL for evaluation, appear reasonable for high cycle 

numbers, although it may not be conservative for low cycle numbers if samples are wet and 

uncorroded.

Figure. 5.4-a  Variation of coefficient of friction for various surface conditions (Dallyn, et al., 2015a)

For numerical simulations where the contribution of friction around shear keys and 

between shear keys shall be simulated a value of μ =0.4 shall be used, as suggested by Feh-

ling (Fehling, et al., 2013), Dallyn (Dallyn, et al., 2015a) and Raba (Raba, 2018), unless 

other data is available. Application specific input values of friction coefficient, if derived by 

testing, shall realistically take account of:

- steel surface roughness 

- degree of corrosion

- surface free from scale-

- realistic simulation of wetness between grout and steel

Variation in coefficient of friction
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- particle size and fineness of grout 

- the effect of early age cycling on segregation of grout at the steel grout interface.

Also, attention must be paid to shrinkage of the grout, which will lead to debonding from 

the surface, which is then associated with a thin water film.

Shear bond strength cited in literature and design codes is mostly the shear bond ca-

pacity of plain pipe concentric connections (Aloulou, 1989).  The plain pipe capacity is cal-

culated as function of grout strength, connection size and stiffness and grout length. In DIN 

EN ISO 19902-2008 the plain pipe bond strength is derived from the sliding strength where 

the term h/s is set to zero.

푓�,������� = 퐶� �2 + 140 �ℎ
푠�

�.�
� 퐾�.�푓��

�.�

with h/s = 0            Equation 5-a

푓�,������� = 퐶�2 퐾�.�푓��
�.�

        Equation 5-b

Earlier versions of the API Specification recommended a bond strength of 0.184 MPa, 

which included a safety factor of around 11.0 on average compared to test data and a factor 

of safety (FOS) of 6.0 compared to the ultimate bond strength of 1.105 MPa as derived by 

Billington and Tebbett (Billington & Tebbett, May 5 1980). Tests carried out at the Univer-

sity of London (Aloulou, 1989) showed that the actual adhesive bond strength can exceed 

2.5 MPa. However, the residual frictional slip resistance after large displacement was found 

to be between 0.54 and 0.67 MPa. The design formula in DIN EN ISO 19902 yields for 

typical geometries of pre-piled jackets a plain pipe friction bond strength of 0.5 MPa to 0.9 

MPa. The larger the grout annulus the larger the suggested values for plain pipe interface 

shear strength. For grouted connections with shear keys and typical values of h/s > 0.6 the 

strength equation will be governed however by the limiting grout matrix failure. Hence plain 

pipe friction is less of a concern for connections with shear keys. For connections without 

shear keys or large shear key spacing, the maximum limiting value of bond strength should 

be taken into consideration. The effect of grout shrinkage has been assessed by Billington et 

al (Billington & Tebbett, May 5 1980), where it has been found that grout shrinkage can 

reduce the bond strength by as much as 42%. Since the shrinkage induced internal cracks 

affect stiffness and shrinkage may lead to gapping, i.e. reducing the effective shear key 

height, it will also affect strength of connections with shear keys. For large annulus connec-

tions it is therefore imperative to test at near full scale or at least half scale. The HSE-UK 
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design guidance for pile/sleeve connection OTH Report 2011/16 (Billington, 2001) sug-

gested an overall factor of safety for submerged connections of 6.0 for operational conditions 

and a FOS= 4.5 for extreme load conditions to be applied to the OTH formula. Comparing 

the different formula and a FORM calibration against the underlying test data base suggests 

an inherent FOS of 1.7 to 3.0 in the interface shear formulation of DIN EN ISO 19902 on 

design resistance (Harwood, 1995) (section 9.1.2). Beyond the statistical benchmarking of 

the formula this safety factor range appears reasonable, given the varied range of influencing 

factors such as shrinkage, early age cycling and offshore grout quality.

5.5 Wear 

Dallyn (Dallyn, et al., 2015b) designed experiments to replicate conditions experi-

enced grouted connections typical for offshore wind turbine foundations. The tests were

conducted between 2012 and 2014 using high strength grout with a compressive strength 

ranging between fc = 105 MPa to 155 MPa. For this purpose, 8 samples covering variations 

in surface finish, grout properties, corrosion and wetness were tested in 7 test phases of 8000 

cycles, with a testing frequency of 0.3 Hz and a 1.2 mm amplitude per load increment. The 

resulting total wear was assessed against a sum of “distance walked”, each sample was sub-

jected to a minimum of three load increments between 0.5 and 2.5 MPa per sample. The loss 

in thickness was measured by indications from Linear Variable Differential Transformers 

(LVDT), weight of evacuated material and Vernier calliper measurements. It was found that 

on two samples the wet tested wear rate was approximately twice the dry rate, however sur-

face finish influence was found to be marginal. Also, the wear rate increased with compres-

sive stress marginally in dry tests; the wear rate of wet tests was approximately 18 times the 

dry rate. The test revealed fracture of unconfined grout if normal compressive stress was 

larger than 2 MPa. Overall, it was summarized that the influence of surface finish on wear 

rate is small compared to the presence of water (Dallyn, et al., 2015a). From these investi-

gations Dallyn developed a numerical wear prediction model for grouted connections of off-

shore wind turbines, which showed good agreement with in-situ measurements. (Dallyn, et 

al., 2015b). Even excessive wear is unlikely to lead to ultimate strength failure; however,

wear will affect the fatigue performance. Whether wear has a limiting influence on service-

ability is to be investigated on a case-by-case basis.



76

5.6 End effects

As the load is transferred through the connection and initial cracks form, stress is con-

centrated at the upper and lower shear keys. This behaviour was described by Aritenang

(Aritenang, 1989), Bechtel (Bechtel, 2016) and Aboubakr (Aboubakr, 2020). Schaumann 

and Henneberg (Schaumann, et al., 2018) reported crossing cracks at the lower and upper 

shear keys resulting from full load reversal. The effect of such behaviour and possible im-

plications on detailing rules are to be determined. (also refer to chapter 7.4.1)

5.7 Fatigue behaviour

The general behaviour of neat cement and grout under cyclic loading is described in 

4.8. However, the performance of the assembled connections may differ from the behaviour 

at material level as other effects and failure mechanisms specific to the assembled connec-

tions may become apparent. It is impractical for example, to test material specimens for 

reversing loads, whilst at assembly scale this is a relevant load scenario. Likewise, the effect 

of casting and early age cycling must be considered. A great deal of these effects have been 

studied over the last decades albeit only a limited number of tests existed prior to JIP GOAL

for large annuli connections with seawater mixed grout. Fig 5.7 shows two reported hyste-

resis plots for grouted connections with and without coexisting bending. Both show a differ-

ent shape of the hysteresis curve compared to the material specific curves with curvature 

reversal in 4.8.

Figure. 5.7-a Hysteresis Plot (Billington & Tebbet, 1982)
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Figure. 5.7-b Hysteresis Plot of combined axial and bending specimen from DNV JIP grouted connection with Shear keys 
(Lotsberg & Lervik, 2011)

5.7.1 Influence of loading frequency and loading rate
The general behaviour of concrete and grout cylinders under various frequencies is

described under 4.8.1. Previous research indicated that sustained fatigue load increased with 

increasing frequencies. This however is not transferable to assembly level as reported by 

Schaumann and Raba (Schaumann P., 2015)

Figure  5.7.1-a S-N plot of small-scale test results for different loading frequencies (Raba, 2018)

A frequency dependent S/N curve was developed by Schaumann and Raba

(Schaumann P., 2015) based on a series of tests on high strength grouted connection speci-

mens with diameters of 114.3mm and 177.8mm and grout length of 90mm. Although the 
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dimensions of these small-scale tests do not comply with the data screening criteria for ISO 

19902, these tests provide nevertheless a useful insight on possible influencing parameters.

Also, it is worth noting that the small-scale tests were then tied into larger scale tests also 

conducted at Leibniz University Hannover. Sorensen had explained that water entering mi-

crocracks got trapped and contributed to crack opening and deterioration. At lower frequen-

cies the water would have additional time to enter deeper into the microcracks. However,

tests by Schaumann and Raba on small scale concentric connections showed the contrary 

behaviour. Schaumann and Raba attributed the lower fatigue performance to the higher 

pumping speed at higher frequencies facilitating the flushing of deteriorated material (Raba, 

2018). Overall, the view is not entirely uniform and possibly overlain by load levels, scale 

and detailing effects. Regardless, the majority of tests, which formed the data bases for ISO 

19902 were performed at frequencies around and below 1Hz, the test frequency for the EAC 

during BP JIP was 0.1Hz during EAC (Aritenang, 1989) (Billington, 1994).

Realistic tests conditions are achieved if:

 test frequency is at or near the dominant load frequency for offshore structures 

i.e. between 0.1 Hz and 1 Hz, preferably below 0.5Hz and at frequency typi-

cally associated with respective load levels.

 specimens have at least 5 shear keys effectively engaged in load transfer in 

compression and tension

 screening criteria of ISO 19902 (page 28 are considered)

 shear keys are well rounded

5.7.2 Influence of load range – reversing loads
Based on a database supplied by Lloyds register during the BIP JIP on Grouted Con-

nection, a desk top analysis was carried out to investigate the actual load behaviour of off-

shore O&G platforms under wave loading. The study revealed that actual structures undergo 

a load reversal of R = min/max = -0.1 and -0.3 during operational conditions and                     

R = -0.3 to -0.5 during storm conditions. The limiting envelope was found to be R = -0.6 to 

+0.4, with no structure experiencing full load reversal (Billington, 1994).The compilation of 

the influence load reversal by Schaumann (Schaumann, et al., 2018) shown in fig. 5.7.2 de-

picts the significance of  load reversal on fatigue performance of grouted connections (the 

relationship in Fig 5.7.2 is based on tests by Veritec 1994 and Ingebrigtsen 1990, OTH Re-

port 86 210). For the same load levels the average fatigue cycles can be more than two orders 

of magnitude higher if the connection is subject to swell loads (load reversal R=0) compared 
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to performance under full load reversal R = -1. However, the number of studies solely dedi-

cated to the load reversal effect are very limited and the majority of tests which have con-

tributed to the derivation of the design rules in DNVGL and ISO 19002 were tested at R=-

1. Nevertheless, DNV rules allow recognition of the effect (chapter 9.3.4.4 (DNV-OS-J101, 

2014)). The guidance in this standard is not free of ambiguity. It is not entirely clear if the 

rule applies only to the number of cycles where the load range of the respective block of 

cycles is smaller than the permanent static, or if the limitation applies to all load ranges. For 

those cases where the connection remains under permanent compression the clause suggests 

a halving of the respective load range (Arup005, 2019). It is of importance to understand the 

actual load range offshore wind turbine jacket foundations would typically experience, in 

order to understand the potential inherent/hidden safety factors. The load analysis carried 

out in GOAL for typical jackets supporting 7MW offshore wind turbine in North Sea con-

ditions showed that some connections will undergo load reversal only if storm events with 

different wind wave directions are compared. In order to capture these effects in the design 

guidance larger statistical relevant tests would need to be carried out to understand the in-

fluence of various reversal conditions, reversing blocks in combination with EAC and sub-

merged performance. Until such tests are performed it can be concluded that fatigue guid-

ance based on R=-1 is a conservative approach, which is likely to carry a significant safety 

margin for the vast majority of connections within in a wind park. Once structures must be 

rehabilitated or repowered, this effect nevertheless, offers a great load potential of reserve 

resistance capacity.

Figure  5.7.2-a Effect of R on ratio of max. applied load (P) vs estimated static capacity (S) of connection (Billington, 1994)
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Figure  5.7.2-b Fatigue capacity vs load ration (Schaumann, et al., 2018)

5.7.3 Influence of load sequence 
The influence of load sequence at material level is described in 4.8.2. For concentric 

grouted connections, the vast majority of test have been conducted at constant load levels 

with R = -1. Hence it is questionable in how far these can be related to cyclic tests on cylin-

drical specimens with R>0. The inherent conservatism due to R = -1 testing may cover for 

the effects associated with alternating load sequencing. The load sequence effects in the 

documented concrete test revealed an effect on the normalized damage (D = 1.0) in the range 

of D = 0.7 to D = 1.5, with one test at D = 0.428 (Zhang et al 1997). Accordingly, the 

application of Miners rule should be viewed with some caution.

5.7.4 Performance under submerged conditions
Raba 2018 developed a numerical model for the fatigue design of submerged grouted 

connections (Raba, 2018) the model was calibrated to a number of small scale and 4 large 

scale test and intended for non-reversal load scenarios. The small-scale specimens had inner 

pipe diameters of 60 mm; the large-scale specimens had inner pipe diameters of 406 mm and 

610 mm. Raba showed the significance of the local stress concentration and distribution in the 

grout layer in front of the loaded shear key surface. Also, the effects of autogenous shrinkage 

were considered and modelled. The Finite Element (FE) model was based on plasticity theory 

as described by Ottosen (Ottosen, 1977).  Raba compared local minimum stresses to the S-N 

curves stipulated in Model Code (2010). 

Nevertheless, some questions remain on the performance of submerged connections since 

small scale test geometries fall considerably outside the screening criteria of DIN EN ISO 19002 

and provide little confinement for the large annuli configuration. One large scale test was termi-

nated at displacements of 4 mm, three other tests terminated between 22 mm and 25 mm. It was 
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stated that even for the specimen terminated at a displacement of 25 mm, the load could still be 

sustained (Raba, 2018). Specimen W3 and W4 displayed a stabilization of displacement after a 

rapid increase at earlier load levels. Tests in previous campaigns had sustained loads with dis-

placements of up to 10% of pile diameter (Billington, 1994). It remains unclear if for submerged 

connections lock-up effects occur at high cycles after initial damage has developed (compare 

Fig 5.10b). It would be desirable if the data base could be enlarged with further submerged large 

scale tests.

5.7.5 Coexisting bending
The effect of coexisting bending on jacket type grouted connections was studied dur-

ing the BP JIP on grouted pile sleeve connections. The final report concluded that a small 

enhancement of load capacity was observed during the tests on small scale specimens com-

pared to pure axial load capacity tests. The report recommended that this enhancement for 

coexisting bending is not considered (Billington, 1994). The DNV JIP “Grouted connections 

with shear keys” (Lotsberg & Lervik, 2011) derived recommendations for limiting the radial 

stress at the upper end of the connections. DNGL-ST-126 recommends limiting nominal 

radial contact pressure to p < 1.5 MPa. This requirement may be waived based on a detailed 

FE analysis. Aboukar also tested a small number of specimens with coexisting bending due 

to eccentrically applied loads, one test showed a 12% increase in ultimate capacity compared

to the centrically loaded specimen on a like for like basis (Aboubakr, 2020). It is important 

to note however, that the statements above refer to jacket type connections. In monopile 

structures, where the ratio of bending in relation to the axial load is much larger and the 

effects of ovalisation are more pronounced, special considerations apply as referred to in the 

monopile specific sections of DNVGL-ST-126.

5.8 Effects of early age cycling

The first 12 to 24 hours after grouting are especially critical for early age cyclical 

movements caused by waves impacting on the structure and causing relative movement of 

the jacket in relation to the pile. During that period of initial hardening of the grout this 

disturbance causes a strength reduction. After the initial period the grout will already have 

developed sufficient strength and stiffness to impede and withstand forces caused by wave 

heights between hs = 3m and hs = 7m (hs = significant wave height). Larger wave heights are 

generally not considered during the design, since the vessels involved in grout campaigns 

and safety of personnel will limit the weather windows to wave heights hs < 3m. If worse 

weather is expected and forecast, it is unlikely that operations would begin in the first place. 
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The wave induced cycling motions during the early age strength development are captured 

in design codes by a reduction factor to account for reduced interface shear and grout matrix 

strength. These factors depend also on the degree of movement expressed as displacement 

relative to the pile diameter (ISO 19902). The reduction factors due early age cycling were

also confirmed by Billington & Tebbett in 1982 (Billington & Tebbet, 1982) in a large scale 

test series comprising a total of five early age cycling tests, out of which four were conducted

with 0.0035 D and one with 0.0017 D relative displacement during curing, followed by a 

static load test. The static load test confirmed static capacity to be 10-15% above predicted 

capacity, however samples subject to EAC experience a significant reduction in stiffness. 

For typical applications the EAC reduction factor is applicable for movement of 0.35mm to 

3.5mm. To limit wave induced movement to less than 1mm as prescribed by DNVGL-ST-

126 (DNVGL-ST-0126, 2016) the use of hydraulic grippers is often the only viable but ex-

pensive option. The basis for this limit is however unclear.

Billington and Tebbet reported test data from an early age cycling (EAC) test simulat-

ing a 7.5m wave acting on a jacket resulting in a relative pile sleeve movement of 0.0035D

(Billington & Tebbet, 1982). Four tests applied relative movement of +/-0.0035D and one 

test applied a relative movement of +/- 0.0017D. It was found that the specimens with 

0.0035D relative movement displayed a residual displacement at the end of the cycling pe-

riod of 0.0002 to 0.0018D and displayed approximately twice the displacement under static 

load compared to non EAC specimens (Billington & Tebbet, 1982).

The effect of EAC also was investigated during the BP JIP on Grouted Pile/Sleeve 

connections (Billington, 1994). The review of 16 earlier EAC tests led to eight of those to 

be screened out, because the size of the pile was only 101mm, grout strength at age of static 

test was less than 10 MPa or high alumina cement was used. However, EAC did not have 

deleterious effects on the high alumina cement connection regarding the static strength. The 

static strength performance of early age cycled plain pipe connections and connections with 

shear key h/s ranging up to 0.012 was unaffected by the movement of up to 0.0035D, while 

connections with shear key geometries of h/s between 0.012 <0.072 had reduced strength in 

the range of 52% to 60% compared to those without EAC. Loads applied during fatigue 

testing were in the range of 30% of predicted mean strength (Billington, 1994).

A literature review of concrete subject to vibration during early age by Bonzel and 

Schmidt reviewed several earlier studies and summarized that the timing and amplitude of 

the of vibration are critical. Vibrations occurring at a very early stage can lead to additional 

compaction, and an increase in strength. Movements and forces exceeding the early strength 
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lead to strength reduction, if applied at time when further compaction is not possible (Bonzel, 

et al., 1981). If these conclusions are transferable for neat cement suspensions is questiona-

ble. Nevertheless, when compared with results of plain pipe connections it can be reasoned, 

that it is less the reduction in compressive strength itself but a mechanism affecting the bond 

behaviour. The shear keys could possibly also a cause for local bleeding.

In total 23 early age cycling tests existed prior to JIP GOAL, which is a relatively small 

number considering that several factors appear to influence the performance of early age 

cycled specimens such as:

 Shear key height

 Grout strength and strength development (accelerated / retarded)

 Displacement magnitude and maximum load during EAC phase

All three parameters have with increasing magnitude an increasingly deleterious ef-

fect, leading to larger capacity reductions. Accordingly, NORSOK 004 limits allowable rel-

ative movement to 0.0035 D, corresponding to the lower bound limit of ISO19902. DNV-

J101 and DNVGL-ST-126 limit relative movement to a restrictive value of 1mm with no 

relation to pile or sleeve diameter. Above those values a reasonable reduction shall be made, 

but no quantitative guidance is given (DNVGL-ST-0126, 2016). The formula given in DIN 

EN ISO 19902 proposes to reduce strength by considering h/s and grout strength. The re-

duction is scaled over the range from 0.0035 D to 0.035 D and provides means to derate the 

ULS capacity (Equation 5-c). 

kred = 1,0 - 0,1 (h/s) fcu

Equation 5-c

If this reduced capacity is applied to available fatigue tests, Billington and Chetwood 

showed that the same fatigue curves could be used, once static strength capacity had been 

derated (Billington & Chetwood, 2012). However, for diameters above 2000mm and shear 

key heights above 13mm no data is available. Since the effects of EAC are likely to relate to 

rheological effects around the shear keys, a great deal of caution should be applied when 

using those formulas outside the range. Either additional tests or limiting the actual move-

ment is recommended for those dimensions. DIN EN ISO 19902 suggests efficient design 

for h/s<0.06, however no data exists for EAC near the efficient design limit formerly sug-

gested by UK HSE Guidance Notes at h/s=0.04.

All test data on early age strength effects are based on neat grouts. Particularly the 

early age rheological behaviour of cement suspensions and grouts with fine aggregates varies 
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considerably. Considering the penalty on high strength grouts and limited test data available 

for early age behaviour of high strength grouts further test would be needed to extend the 

validity range of the EAC reduction formula to higher strength grout with fcu > 80 MPa.

It is therefore desirable to test the effect of EAC on large annuli connections with re-

gard to static strength reductions and FLS performance with h/s=0.04.

To date most tests related to offshore grouted connections have simulated expected 

movement associated with wave heights of 3 m to 7 m on an assumed reference structure. 

Further tests should investigate the general effects of early age movement on compressive 

strength, bond strength and stiffness, for a range of amplitudes perpendicular and parallel to 

the steel surface.

5.9 Scale and length effects

The strength of a grouted connection is obviously increasing with length. However, 

connection strength does not increase necessarily linearly with length. There is evidence that 

for very short and very long connections the relative strength decreases. It should be noted 

that the OTH formula and Department of Energy formula, which were withdrawn in 1998, 

also included for connection length factor CL. For grouted lengths exceeding L/Dp > 8, the 

strength of the connection needed to be reduced by 20%. This limitation can currently not 

be found in DNVGL-ST-0126 Guidance or the current DIN EN ISO 19902. However, since 

this value is based on comparative tests the effect should be considered for long connections, 

noting that test data bases do not include comparative tests for large annuli connections and 

that the sparse data bases is not entirely consistent with regards to the peak strength. Some 

tests revealed peak strength at L/Dp= 2 others at L/Dp = 4 as shown in a summary compiled 

by Aritenang (Aritenang, 1989). Nevertheless, all test data showed a strength reduction for 

longer connections. Screening of the test data and desk top analysis conducted during the 

BP JIP on grouted connections in 1994 highlighted that the Department of Energy guidance 

was derived from very low strength grout test with fcu< 7 MPa. Tests conducted during said 

BP JIP confirmed that length has a less pronounced effect than that suggested by previous 

design guidance.
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Figure 5.9-a Comparison of L/Dp effect from various test programmes (Aritenang, 1989)

Aboubakr conducted a single test comparing ULS capacity of connections with Dg/tg

ratio of 7.6 and 19 with 3 vs. 5 shear keys. The tests indicated that the longer connection 

carried more load per shear key than the corresponding short specimen with the same grout 

and geometry properties (Aboubakr, 2020). However, Billington and Chetwood presented 

test data for various connections subject to fatigue loading and varying L/D ratios. Consid-

ering the scatter of the data no significant difference between connections with 3 weld beads 

and 15 weld beads were observed. These data points however did not include connections 

with Dg/tg <10 (Billington & Chetwood, 2012).

Figure 5.9-b Historic fatigue test data (Billington & Chetwood, 2012)

Trunk examined the influence of the specimen size on the size dependence of non-

linear fracture mechanics parameters of cementitious materials and concrete. For this pur-
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pose, Trunk carried out to wedge splitting tests to determine the non-linear fracture mechan-

ics properties (Trunk, 1999). The wedge splitting samples for neat OPC varied between 

95mm and 800 mm in height and 100 mm to 400 mm in width, for concrete samples the 

sample sizes were extended to 3200 mm height. A dependency between material ductility,

maximum grain size and fracture behaviour was observed. For more brittle material the in-

fluence of the sample size diminishes earlier (Trunk, 1999). Whilst these tests would suggest 

that smaller specimens are valid for neat OPC it should be considered that the behaviour of 

the assembled OPC connection itself is rather ductile and that for ductile behaviour the size 

effects observed by trunk were noticeable in specimen sizes up to several meters. Remarka-

bly Trunk derived a clear relationship between the maximum grain sizes and critical notch

radius. Above the critical notch radius, the crack propagation is governed by tensile capacity. 

For neat cement specimens the critical notch radius c was determined to be c =16.6mm, 

for special mortar with aggregates < 4 mm c increased to c =113mm and for concrete with 

aggregates up to 32 mm c = 1227 mm and for special heavy-duty reservoir dam concrete 

with aggregates of 125 mm c = 7462 mm. On that basis it is concluded that grouts with 

aggregates will be more susceptible to weld bead geometry.  It is suggested to 

 test grouted connections at half and full scale

 observe screening limits set for derivation of ISO19902

 use rounded weld beads with a radius >25 mm

5.10 Connections with large annuli

Billington and Chetwood presented a data base of large-scale axial load tests on con-

nections with Dg/tg<10 (Billington & Chetwood, 2012). The test data originated from tests 

carried out for Shell and Woodside Petroleum at Wimpey Laboratories, London in the 1980s 

and demonstrated applicability of DIN EN ISO 19902 strength formulation, albeit all large 

annuli test data points (prior to JIP GOAL) were at the lower quartile of the scatter of data 

points. During the GrowUp project several small-scale tests were carried out with OPC and 

high strength grout in dry and wet conditions (Schaumann, et al., 2018).  Comparative tests

of small-scale specimens with the same material and large and small annuli revealed a con-

siderably different load behaviour and fatigue load capacity. However, the small-scale tests

were considerably outside the screening data of DIN EN ISO 19902. The small-scale speci-

mens had an inner pipe diameter of only 60 mm, the L/D ratio was 0.79 and 0.5. Resulting 

from the choice of dimensions for the large annuli test geometry only two shear keys on the 

outer pipe could be activated. From photographic evidence it is also clear that shear keys 
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were sharp and not rounded, which is generally critical for crack initiation. Accordingly, the 

results should be viewed with considerable caution. The geometry of large-scale fatigue tests

however, with an inner pipe diameter of 406 mm and outer diameter of 816 mm and L/D =

1.5 fulfilled the screening criteria. The tests were terminated at relative displacements of 2

mm (Schaumann, et al., 2018). This is considerably less than failure criteria used in previous 

large-scale tests. Fatigue failure has been defined previously as the point at which the con-

nection can no longer sustain the applied load level (Billington, 1994). Veritec fatigue tests

stopped at an arbitrary displacement level of 10% of pile diameter, to carry out residual static 

strength tests. It was also described that typical fatigue behaviour of piled connections

showed at times a rapid increase in displacement of 2-4 mm until the connection locked up 

and continued to sustain a considerable number of cycles, albeit with a significant permanent 

displacement of > 10 mm (Billington, 1994).

Figure. 5.10-a Large annuli large-scale test results and scatter of ISO database (Billington & Chetwood, 2012)

A typical peak to peak displacement plot with lock up and continued fatigue resistance 

is shown in figure 5.10b. It would appear at least two tests conducted in the GrowUp pro-

gramme may have been stopped prematurely. Nevertheless, the tests are valuable for inves-

tigating the submerged behaviour in more detail and investigate if lock up behaviour can be 

observed in submerged conditions.
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Figure. 5.10-b Typically fatigue behaviour of grouted connections (Billington, 1994)

It is recommended to

 conduct large scale ULS and FLS tests to validate the strength equations of 

large annuli grouted connections

 investigate if lock up behaviour can be observed in large annuli grouted con-

nections for dry, submerged and EAC conditions

5.11 Post fatigue loading static capacity – residual strength

In order to judge the ductility of a connection it is of special interest to test the residual 

strength after failure. It is expected that failure of a grouted connection would occur towards 

the end of the intended design life or be associated with extreme loading. For offshore struc-

tures immediate rehabilitation of a failed connection is not possible due to the remote loca-

tion offshore and subsea conditions. Careful planning and mobilisation would at best take 

several days if not weeks or months. Therefore, knowing the remaining post failure capacity 

is of high value as it may potentially allow continued operation with controlled or restricted 

access. However, fundamental questions remain regarding the applicability of established 

material property values as used for the original design resistance, when assessing the resid-

ual capacities in such situations. Since the cement matrix is highly cracked and in-service

conditions also possibly degraded due to leaching, sulphate and chloride interaction, the test 

results (of reference cubes) can give only an insight in global behaviour and general system 

ductility.
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During the BP JIP on “Grouted Pile/Sleeve Connections” ten of the fatigue tested spec-

imens were subjected to axial static loading to determine the remaining capacity. Four of 

those specimens were undamaged by the fatigue tests, of these only one, which had been 

subjected to early age cycling, showed a reduction in static strength. The lowest residual 

capacity of the damaged specimens was 19%. Seven out of the 10 specimens achieved at 

least 40% of predicted static capacity. Early tests by Veritec revealed post fatigue capacities 

between 80% and 90% of predicted static strength. The lower the h/s and the less early age 

cycling the specimens had been subjected to, the less affected was the post fatigue static 

strength. It was concluded that fatigue testing does not significantly affect the static strength 

until the final stages of the fatigue cycles (Billington, 1994).  Considering a load factor of 

1.5 and resistance factors of 1.5 the minimum of 19% residual capacity would imply a failed 

structure could resist approximately half of the unfactored maximum design load. This is a 

remarkable residual load level considering the extreme peaks under 50 years waves offshore 

structures must be designed to. Future tests should

 conduct post fatigue static strength tests to gauge the residual strength for large 

annuli connections 

5.12 Long term in-situ performance

The decommissioning programme of BP’s North Sea platform West Sole in 1978 was 

accompanied by a structural test programme to investigate the performance of the grouted 

connections after 11 years of service (refer also to chapter 4.11). The test programme is

published in OTH Report 86 210 (Wimpey, 1989).  West Sole was a through leg piled struc-

ture standing in approximately 22.5 m of water. The piles which penetrated the legs were 

welded at the top and the annulus between the pile and the legs was grouted with OPC. It is 

worth noting that the grout did not fulfil a structural function and acted merely as a spacer. 

Due to bad weather approaching during installation one leg was not grouted at all, at least 

one other leg showed poor grout quality towards the top, which may be attributed to the 

weather conditions and possibly more relaxed quality control for this none load carrying part 

of the structure. Nevertheless, the tests carried out on recovered connection samples after 

decommissioning revealed a ratio of measured versus predicted plain pipe bond strength of 

0.86 for the mean strength, with a standard deviation of 0.26. A total of 21No. specimens 

with an inner pipe diameter of 762 mm, wall thicknesses ranging between 15.9 mm and 32

mm and an outer diameter of 838 mm and 12.7 mm and 20.7 mm wall thickness were recov-

ered and formed the test population. The samples had an L/D ratio of 2 and the grout strength 
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of samples recovered from the grout line was evaluated at fcu = 42.5 MPa. It is remarkable 

that despite that grouting had not been executed compliant with quality control requirements, 

11 years of service and handling during decommissioning more than 95% of samples 

achieved strength above predicted characteristic strength (Wimpey, 1989). Of over 80 No.

of offshore wind jacket foundations now in service for almost 10 years, no structural defects 

from operational loads have been reported to date. The author has direct access to the struc-

tural performance of over 50 No of these jacket foundation structures.

5.13 Definition failure criterion for static and fatigue testing

The typical load displacement plot of static strength test is displayed in Fig 5.13. The 

plot is taken from test 1D1 from the BP JIP. The first initial slip occurs approximately at 

load of 80 % to 90 % of peak capacity. This slip is due to initial crushing of the grout beneath 

the shear keys. After reaching peak capacity the connections display ductile yielding main-

taining 90-95 % of the peak load. A rapid slip occurs at several intervals always associated 

with a rapid drop of load resistance until a base plateau of 40 % peak load is reached.  Tests 

were generally terminated if either the load dropped below 40 % or 50 mm displacement 

was reached (Billington, 1994) (Arup002, 2015).

Figure. 5.13-a Ultimate strength force displacement plot (Billington, 1994) (Arup002, 2015)
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Figure. 5.13-b Peak to valley displacement plot (Lotsberg & Lervik, 2011)

Typically fatigue tested specimens display an immediate rapid increase of displace-

ment during the initial load cycles. For the majority of cycles a plateau is reached and main-

tained, evens sometimes a degree of settlement can be observed or a moderate increase of 

peak to valley displacement. Towards the end of the fatigue capacity specimens display 

again a rapid increase in loading. In order to be consistent with historic test data base failure 

criteria should be determined as follows:

 ultimate load tests should maintain the load level to reveal the ductile post peak 

yielding

 static strength tests should maintain the load until load drops below 40% of 

peak or 50 mm displacement is reached

 fatigue tests should be terminated if sudden increase of peak to valley displace-

ment is observed and displacement reaches 50 mm



92

6 Description of test procedures and test matrix 

The test programme described in this work comprises two test campaigns related to 

each other, namely a 

- Material property test campaign (chapter 6.2)

- Large scale structural assembly capacity test (chapter 6.3)

Information related to properties of source material, storage conditions and sample prepara-

tion are described in chapter 6.1. The evaluation and statistical analysis of the results is de-

scribed in chapter 7, except where for ease of reference results could be briefly summarized 

without more elaborate analysis.

Both test series largely belong largely to the JIP GOAL. The material property tests 

series from GOAL was extended, after the competition of the JIP GOAL to address questions 

regarding durability, rheology and cycling loading on standard cylinders. The extension was 

funded by innogy SE (now RWE). The main purpose of JIP GOAL was to validate existing 

design guidance for grouted connections with annuli of large dimensions and D/tg ratio < 10.

The primary test campaign was a series of 18 large tests of grouted connections with D/tg

ratio of 4.25 as described in 6.2. The structural assembly tests, which serve to validate the 

structural mechanical model, were accompanied by an extensive test campaign related to 

material properties, which informs and validates the material property model (refer to Fig.

1.3-a). The statistical analysis of the large-scale test results and comparison of the results in 

relation to historic test data and DIN EN ISO 19902 and DNVGL design guidance is the 

result of JIP GOAL. The statistical analysis and comparison of material properties to those 

underlying DIN EN 1992 is the result of this work. Test houses, which have conducted the 

various test and associated test reports have been referenced.
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6.1 Sample preparation

6.1.1 Source materials
All grout during JIP GOAL was mixed using artificial seawater. The seawater mix was 

prepared in 1000 litre water containers using freshwater from the site in combination with 

two 15 kg bags of, “Seamix artificial seawater” salt. Testing on site showed a consistent 

specific density measurement of the saltwater at 1.020 kg/m3. The salt mix was added to the 

water prior to mixing with the Procem CEM I 52.5N. A water pump was utilised to agitate 

the water and ensure that the salt was uniformly diluted prior to grouting. The prepared arti-

ficial seawater mix was analysed according to DIN EN 1008 Appendix B, natrium, potas-

sium, magnesium, calcium content was determined according to (EN ISO 11885) and chlo-

ride, sulphate according to (DIN EN ISO 10304-1). Results are summarized below. The ar-

tificial seawater mix contained 14500 mg/l chloride, which matches reasonably well with 

the value cited in Betonkalendar 2011 as 19500 mg/l and measured values from samples 

taken at the wind farm Nordsee Ost. 

Typical seamix composition used for mixing water 
Sodium chloride 66.1%
Magnesium sulphate MgSO4 16.3%
Magnesium chloride MgCl2 12.7%
Calcium chloride CaCl2 3.3%
Potassium chloride KCl2 1.6%

Table 6.1.-a Articicial seawater mix and mixed water as analysed by SGS

The cement as mentioned above was sourced throughout the JIP GOAL project as BS 

EN 197-1 CEM I 52.5N from one supplier in Scotland with the properties according to man-

ufacturer’s information as listed in Table 6.1-b. However, as these values were seen as min-

imum requirements, an x-ray diffractometry and Rietveld analysis were carried out to estab-

lish actual values. For the further test carried out at AMPA Kassel, cement was selected from 

a VDZ database which closely matched the JIP GOAL cement with regards to the main 

Mixed water
pH- Value 8.02
Chloride Cl 14500 mg/l
Sulphate (SO4) 2400 mg/l
Sugar <50 mg/l
Phosphate (P2O5) <0.2 mg/l
Nitrate (NO3) 1.4 mg/l
Lead (Pb) <0.005 mg/l
Zinc (Zn) 0.30 mg/l
Natrium (Na) 7830 mg/l
Potassium(K) 462 mg/l
Calcium (Ca) 1370 mg/l
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chemical components. This cement was marketed as a CEM I 52.5 N – SR3. A breakdown 

of Rietveld refinement is displayed in appendix C (AMPA2, 2018).

Property Unit Manufacture 
data (Scotland)

Analysed
CEM I 
Scotland

Analysed 
CEM I
Germany

Surface area
(Blaine)

(m2/kg) 300 to 450 411 424

Setting time – initial mins 80 to 200 107-137 285

EN196-1 
– compressive 
strength
2 day (N/mm2) 25 to 35 >40 16

7 day (N/mm2) 40 to 50 >50 33

28 day (N/mm2) 52 to 65 >60 66

Apparent particle 
density

(kg/m3) 3080 to 3180 3105

Sulphate SO3 (%) 2.5 to 3.5
not 

analysed

2.9%

Chloride Cl (%) < 0.10 < 0.10

Alkali Eq Na2O (%) < 1.0 0.5

Tricalcium silicate C3S (%) 40.0 to 60.0 48.34 56.7

Dicalcium silicate C2S (%) 12.5 to 30.0 14.83 18.0

Tricalcium Alumi-
nate 

C3A (%) 7.0 to 12.0 2.67 1.9

Tetracalcium alumi-
noferrite 

C4AF (%) 6.0 to 10.0 10.97 14.2

Table 6.1-b Chemical composition of JIP GOAL cement (AMPA2, 2018)

6.1.2 Storage conditions 
All materials on site and at the various test labs were stored in dry conditions. Test 

samples for quality control of large-scale testing were stored in climate-controlled containers 

on site or in climate-controlled rooms within the facilities of the various test labs involved 

at constant temperatures of 5°C, 20°C and 30°C. Samples were stored in a water bath until 

the day of testing.
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Figure  6.1.2-a Sea water mix storage, water bath, shrinkage channels and temperature control container

6.1.3 Large scale specimen design and fabrication
The test specimens were manufactured to industry standard steel fabrication tolerance 

and material specification typically used for offshore projects in accordance with DNVGL 

standards with regards to material toughness requirements depending on plate thickness. The 

material used for all plates and tubes was S355 NL/ML. General positional tolerances were 

set to +/-2 mm, stricter tolerances of +/0.5 mm were applied to bolt hole positions. Speci-

mens were manufactured at Kampstaal BV in the Netherlands and Implenia Stahlbau in 

Mannheim. 

Figure  6.1.3-a Specimen 1.01 during manufacturing.
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6.1.4 Grouting operations
The grouting operations is described in detail in Appendix D of this work. Testing 

procedures are outlined in (Arup001, 2015) (Arup002, 2015). The grouting of specimens for 

the JIP GOAL took place in the period between September 2016 and June 2017. A total of 

twenty-one specimens were grouted and cured at the project site and subsequently tested at 

KIT. For each specimen, a series of material samples were taken for both wet tests and sub-

sequent cured material laboratory testing. 

Grouting was performed in several phases by two grouting contractors, FoundOcean 

from Scotland and BBV-Systems Bobenheim as shown in Appendix D. The main equipment 

used were colloidal mixer, an agitation tank and a grout pump, all equipment was air driven.

Figure  6.1.4-a Grout mix equipment used by FoundOcean in JIP GOAL

Before grouting commenced, quality control samples were taken from the holding tank 

via a short exit valve on its side. The grout was pumped up from the holding container Fig 

6.1.4a to the specimens using a grout lance. When grout was observed to be overflowing the 

lance was slowly lifted from the specimen while grouting continued. Grouting was then 

stopped, and the end of the lance was removed from the specimen. Specimens were generally 

grouted one after another. Once the lance had been lifted from one specimen and it was 

confirmed as full the lance would be placed into the next specimen and grouting would con-

tinue until all available specimens were filled.  

Specimens were grouted continuously without pausing the procedure. Once the lance 

had been lifted from one specimen and it was confirmed as full the lance would be placed 

into the next specimen and grouting would continue until all available specimens were filled. 
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In the event of the need for a break between the specimens the grout mixer would be 

completely cleaned and a testing procedure on the first mix would be undertaken prior to re-

starting the grouting. 

Figure  6.1.4-b Grouting tanks for JIP GOAL

Since grouting operations took place from September 2016 to July 2017, the full sea-

sonal variety was experienced on site with ambient grouting temperature varying from 2 °C 

to 40 °C. The effect of ambient and slurry temperatures on grout strength was found to be 

not a significant impediment. An analysis of ambient temperature effects is provided in 7.3.9.

The specimens 1.22 and 1.23 were modified for EAC testing 2.02 and 2.03 to accom-

modate the requirement to maintain the grout within the intended annulus space during EAC 

and avoid alternative load paths during ULS and FLS testing. For this purpose, the arrange-

ment depicted in Appendix D was devised.
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6.1.5 Transport of specimens 
After curing for a minimum of 28 days the test specimens were secured for transport, 

lifted out of the grouting tanks and transported horizontally the 65 km distance from Mann-

heim to Karlsruhe. In Karlsruhe specimens were offloaded by a mobile crane onto transport 

bogies, on which the specimens were wheeled into the test facilities.

Figure  6.1.5-a Lifting operation specimen 1.24

6.2 Material property test campaign 

The purpose of the material property test campaign was twofold. Firstly, it produced

essential quality assurance test data required to:

- cast the large-scale specimens to the desired and consistent quality

in a reproducible manner and

- record characteristic material properties for determining the appropriate load levels 

and therefore for the

- derivation of strength equations of the main structural assembly test programme
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Secondly the programme was extended to answer unanswered questions related to the 

constituent material property model referred to in chapter 1.4. These tests are also essential 

to tie the seawater mixed OPC into the hierarchy of the DIN EN 1992 family of standards. 

The central questions related to the material model and arising from the review of the state 

of the science in chapter 4 can be summarized as follows:

1) Is mixing with seawater problematic?

2) Which effect has the high heat of hydration followed by low temperature near sea-

bed on strength and microstructure?

3) Can the main design properties of the neat grout mix, such as compressive strength

and Young’s modulus be tied to assumption in DIN EN1992? 

4) Are the key design characteristics affected by storage temperature or mixing pro-

cedures?

5) Are the underlying assumptions of DIN EN 1990 regarding statistical distribution

functions applicable?

6) Is the transport of wanted and unwanted reacting agents into the microstructure 

possible, what effects can be expected?

7) Which recommendations and limits for the execution are required to control qual-

ity and ensure safe transfer of design assumption to the construction?

To answer the above questions derived from chapter 4 and chapter 5 the required tests

were selected to record essential data as follows.

For the mixing water:

 measure and record chemical composition of mixing water according to DIN 

EN 1008 and determine composition of salts and chlorides such as NaCl, Mg 

SO4, Mg SO4, CaCl2, KCl

 ensure consistent temperature of cement and water for testing – not necessarily 

identical but consistent for each

 measure and record water temperature

 measure and record grout temperature

 investigate effect of temperature difference between grout and water

For the cement record the following:

 chemical composition of cement (CaO, SiO2, C3A, C2S, C3S, Al2O3, Fe2O3, 

SO3, C4AF)
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 alkalinity (of cement and water)

 tricalcium aluminate content should be limited to < 8% preferably < 5%

 specific surface area per Kg, Blaine fineness 

 particle size distribution

 storage conditions (temperature, humidity, and age)

For the grout record the following:

 composition of mixing materials 

 ambient temperatures of air and water

 x-ray diffractometry and Rietveld analysis

 mercury intrusion porosity, air content

 temperature development and ambient temperature 

 expansion/shrinkage behaviour

 Young’s modulus, compressive and tensile strength at various ages

 chloride content of mixing water, cement, and hardened cement matrix 

 for samples recovered from seawater measure chloride penetration

 ambient temperature and slurry temperature effect on strength and Young’s

modulus (unconfined)

 ambient temperature and slurry temperature effect on strength and Young’s

modulus (confined- triaxial test)

 strength development over time for seawater mixed vs fresh water mixed OPC

 chemical composition of cement after curing at high temperatures

 compressive strength of heat-treated samples 

 SVA durability test storing specimens in NaSO4

 comparison of chemical composition after 360 days

For the grouting procedure it is important to control and measure

 water content to establish w/c ratio 

 mixing procedures, equipment, and site conditions

 temperature of constituent materials and ambience

 conditions during (early age movement, temperature, humidity)

 segregation, sedimentation, and bleeding

 slump test

 determine characteristic setting time 
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The following tests are specifically required to link large scale tests to material test 

cubes cylinders and prisms:

 heat development in actual full scale and half scale specimens cast under water 

at a realistic temperature

 validation of heat development temperature gradient and influence on strength 

of full-scale test specimen performance

 chemical composition of cement after curing at high temperatures

 compressive strength test of heat-treated samples 

 comparison of lab tested results with in-situ cores

 mercury porosimeter test

 fatigue performance testing under dry and submerged conditions on large scale 

specimens under otherwise constant influencing factors (load level, frequency, 

strain rate, strength, specimen size)

 fatigue test on cylindrical specimens (100 mm by 200 mm)

 fatigue tests should be accompanied by creep test at comparable load levels

The preparation of samples and grouting was carried out during the casting of large-

scale specimens by two contractors during the different phases of the test programme. Infor-

mation about sample source material properties, identification, storage and preparation is 

provided in detail in chapter 6.1 The contractor responsible for the initial phase of JIP GOAL 

grouting was an experienced offshore contractor (FoundOcean), for the second phase the 

contractor from Scotland was replaced by a local grout contractor (BBV) without offshore 

experience purely due to logistical reasons. The test samples prepared under site conditions

served primarily as quality control measures and to calibrate the large-scale grouted connec-

tion tests. In tables Table 6.2-a+b+c these are referred to “under site conditions” or “site”. 

Further samples were prepared under laboratory conditions (“Lab”) by Implenia Labor 

Mannheim (IMP) and AMPA Kassel (AMPA). Tests were carried out in Germany at the 

following locations: Implenia Labor Mannheim, KIT Karlsruhe, Finger Institut für Baustoffe 

Weimar (FIB) and AMPA Kassel. The grouting procedures are described in detail in chapter 

6.1. For consistency and ease of reference to the original JIP GOAL records, the same spec-

imen and test designations are used. The following table 6.2-a provides an overview of the 

test programme considered in this work. Detailed test procedures, relevant standards and 

results are described in the relevant chapter.
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Test 
Series ID

Description Test 
Lab/Site

Curing
Temperature

G4.1 Splitting tensile strength 
to EN 12390-6 of cylinders (Ø100, h100)

IMP/
Lab

5°C, 20°C

G4.2 Young’s modulus test 
to EN 12390-1 of cylinders (Ø100, h200)

IMP/
Lab

5°C, 20°C, 
26°

G4.3 Thermal expansion coefficient to TI-
B101(94), prisms (40x40x160)

FIB/ Lab 5°C, 20°C, 
30°C

G4.5 Shrinkage in Schleibinger Channel to 
OENORM B 3329:2009-06-01

IMP/
Lab

5°C, 20°C

G6.1 Temperature of fresh cement slurry IMP/Lab
/Site

5°C, 20°C, 
30°C

G6.2.1+2 Slump test at first grouting to DIN EN 12350-
08: 2009

IMP/ Lab 5°C, 20°C

G6.2.3 Slump test during grouting to DIN EN 12350-
08: 2009

IMP/
Site

5°C, 20°C, 
30°C

G6.4 Air content and fresh grout bulk density to 
DIN EN 1015-7

IMP/Lab
/Site

5°C, 20°C, 
30°C

G6.5 Sedimentation test to DAfStb-Guideline in 
plexiglas tube (Øex110, Øin100, h500)

IMP/Lab 5°C, 20°C, 
30°C

G 5 Creep tests to DAfStB Heft 422, No. 2.7 AMPA/Lab
KIT/Lab

20°C

G6.6.1 Compressive strength of cylinder (Ø100, 
h200) to DIN EN 12390-3: 2009

IMP/Lab
AMPA/Lab

5°C, 20°C, 
30°C

G6.6.2.1 Compressive strength of cubes (75mm)
to DIN EN 12390-3: 2009

IMP/Lab
AMPA/Lab

5°C, 20°C, 
30°C

G6.8 Temperature in 
isolated cube (200mm)

IMP/Lab Water temp. 
(19-25°C)

G6.8-300 Temperature in 
isolated cube (300mm)

IMP/Lab
AMPA/Lab

Ambient 20°C
Outside cube

G6.9.1 Long term durability SVA-test for thaumasite
formation at prisms (40x40x160)

FIB/ Lab 20°C

G6.9.2 Long term durability SVA-test for
ettringite formation at prisms (40x40x160)

FIB/ Lab 20°C

G6.9.1 Long term durability SVA-test for thaumasite
formation at prisms (40x40x160)

AMPA/Lab From 20°C up 
to 125°C

G6.9.2 Long term durability SVA-test for ettringite
formation at prisms (40x40x160)

AMPA/Lab From 20°C up 
to 125°C

G6.11 Maximum temperature and conductivity in 
300mm cube in water bath

IMP/Lab 4-8°C; 14-
17°C;

G7.1 Cement sampling at delivery acc. DIN 196-7 IMP/Lab 20°C
G7.2 Determination of setting time acc. DIN 196-3 IMP/Lab 20°C
G7.3 Determination of flexural strength and com-

pressive strength acc. DIN 196-1
IMP/Lab 20°C

G8.1 Constant temperature monitoring in the speci-
men during setting period

IMP/
Site

A2.1 Gas permeability test with nitrogen AMPA/Lab 20°C
A2.3 mercury intrusion porosity AMPA/Lab 20°C
Z.1.1 Cyclic test on cylinders (Ø100, h200) AMPA/Lab 20°C
P.1 Particle size distribution and Blaine Fineness AMPA/Lab 20°C
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Ch.1 Chemical analysis of cement; x-ray diffrac-
tometry and Rietveld analysis

AMPA/Lab 20°C

Ch.2 Chemical analysis of grout; x-ray diffractom-
etry and Rietveld analysis

AMPA/Lab 5°C, 20°C, 
125°C

Ch.W Mixing water analysis AMPA/Lab -
A6.1 Consistency determination - ASTM C 230 AMPA/Lab 20°C
A6.2 Slump flow acc. DIN EN 12350-8 t500 AMPA/Lab 20°C
A6.3 Sedimentation stability

with cylinder 100/500 mm incl.
dyn. E-Moduls at 5 positions over height
- DAfStb-Richtlinie (SVB) 
- DIN EN 12504-4

AMPA/Lab 5°C, 20°C, 
30°C

A6.4 Setting time with Vicat-test DIN EN 196-3 AMPA/Lab
A6.5a Rheological short-term behaviour test – De-

termination of elastic deformation and viscous 
creep with amplitude sweep 

AMPA/Lab 20°C

A6.5b Rheological short-term behaviour test – De-
termination of viscosity function with con-
crete rheometer

AMPA/Lab 20°C

A6.5c Rheological short-term behaviour test – De-
termination of thixotropic failure

AMPA/Lab 20°C

A7.4a-c Cyclical load test on cylinder 150/300mm 
with  smin=0.05 and smax= 0.85;0.65;0.55 
fcu,mean

AMPA/Lab 20°C

Table 6.2-a Material Test Overview table
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Table 6.2-b Material Test – large scale specimen allocation
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Table 6.2-c Material Test – Lab Test programme Implenia
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6.2.1 Splitting tensile test
The splitting tensile tests were conducted in accordance with DIN EN 12390-6 at Im-

plenia Laboratories on 21 sample cylinders (100 dia by 100 mm h). Samples were stored at 

5 °C and 20 °C and tested after 28 days (19No. samples) and 41 days of curing (2 No. sam-

ples). Further tests were carried out on 40 mm *40 mm*160 mm prisms after 1, 2, 3 7,18 

and 35 days (due to Christmas period the 28d test was not carried out). Prisms were stored 

in water until the day of testing. The results are presented and statistically analysed in chapter 

7.3.5.

6.2.2 Young’s modulus test
The Young’s modulus was determined at Implenia Laboratories on 9 sample cylinders 

(100 dia by 200 mm h in accordance with DIN EN 12390-1). Three samples were stored at

each of the test temperature of 5 °C, 20 °C and 26 °C and tested after 28 days (19 No. sam-

ples) and 41 days of curing (2 No. samples). Further E-modulus tests were conducted at 

AMPA Kassel for calibration of cyclical tests and to obtain data points for samples cured for 

1, 3, 28 and 90 days at curing temperatures of 5 ° and 20 °C. The AMPA samples were also 

tested diabatically with and without heat treatment to investigate the influence of high heat 

of hydration. The simulated hydration heat curve is depicted in Figure 6.2.2a (AMPA5, 

2020). 

Figure  6.2.2-a Heat treatment of specimens simulating high heat of hydration typical for annulus thickness of ca 500mm
(AMPA5, 2020)

The Elastic modulus of the samples of the AMPA test series were determined in ac-

cordance to DIN EN 12390-13:2014, method B with a working stress range of 30 % of the 
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final grout strength determined from corresponding reference cylinders. The cylinders for 

the test after 1 day were levelled with gypsum cast according to DIN EN 12390-3:2009 on 

the upper loaded surface to achieve even and plane-parallel test surfaces.

Results:

According to DIN EN 1992 the Young’s modulus (E-modulus) is to be calculated ac-

cording to Table 3.1 and Ecm = 22 (fcm/10)0.3. In GOAL Young’s Modulus and compressive 

strength were tested for specimens stored at 5 °C, 20 °C and 30 °C in accordance with DIN 

EN 12390-13. It was observed the E-modulus is approximately 50% of the values suggested 

in DIN EN 1992. The corresponding values of the GOAL specimens ranged between Emin =

19000 MPa and Emax = 22000 MPa.

Figure  6.2.2-b  E-Modulus vs. compressive strength of 100/200mm cyl. as tested in JIP GOAL  

The corresponding values for the samples tested at AMPA after 28 days ranged be-

tween 16400 MPa and 18400 MPa for heat-treated and non-heat-treated samples prepared 

with the same cement and a w/c ratio of 0.4 (AMPA5, 2020).
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Figure  6.2.2-c E–Modulus development for heat treated and non-heat-treated specimens (AMPA5, 2020)

Whilst the heat-treated samples showed 10% lower E-Modulus at 28 days it is worth 

noting that the heat-treated sample cured at 5 °C and tested after 90 days reached 17000 MPa

6.2.3 Thermal expansion coefficient
The thermal expansion (was established in accordance with Danish Standard TI-

B 101(94) (DTI, 1994). A set of test specimens consists of at least three concrete prisms of

100x100x400 mm. The prisms were sealed in a heavy plastic bag and stored in a water bath 

at 20°C until day 7 than sealed and stored at 20 °C until testing at day 28. The specimens

were weighed to document any loss of water. The specimens were examined for cracks and 

photo documented. 

Specimens were exposed to a set of temperature regimes ranging from 5 °C to 30 °C, 

expansion was measured at the end of each temperature regime. For each temperature regime 

the specimens were stored for 24 h in a climate cabinet instead of a water bath. Three tests

were carried out for specimens manufactured at each temperature level 5 °C, 20 °C and 30°C.

The values are up to 20% above the values reported by Locher (Locher, 2006) who suggested 

24 * 10-6 /°C as an upper limit at 70% humidity.

Results:

The resulting average thermal expansion coefficient were determined as 

= 29.1 * 10-6 /°C

= 27.1 * 10-6 /°C

= 25.6 * 10-6 /°C.
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6.2.4 Shrinkage test
In accordance with OENORM B 3329:2009-06-01 shrinkage was examined in an U-

formed steel profile (l = 1000 mm, h = 60mm, b = 100mm - Schleibinger channels). The 

channel is lined with a neoprene fleece to avoid that shrinkage is impeded by friction. Three 

samples each were prepared by Implenia Lab for storage at 5°C and 20°C. The shrinkage 

was constantly measured and recorded at 15min intervals over a period of 50 days within 

the period from 18.07.2017 to 10.09.2017. 

Results:

The maximum shrinkage of the grout stored at 5°C was 0.91 mm/m and slightly less 

than the shrinkage of the grout stored at 20°, which shrank by 1.12 mm/m. In the 20 °C series 

the grout in in channel 1 cracked after 14 days, the grout in channel 2 cracked after 34 days 

at 0.77 mm and 1.06 mm. Extrapolating the curve beyond 50 days and considering the as-

ymptotic behaviour as shown in Fig 6.1.4b of the 5 °C specimens it is unlikely that 1.5 mm/m 

would be exceeded.

Figure  6.2.4-a Shrinkage at 5°C and 20°C in 1000mm U-channel (JIP GOAL Test G4.5 Implenia Labor)

The maximum shrinkage observed in channel 5 for the grout stored at 5 °C was 0.95 mm/m

with a standard deviation of 0.047 mm/m. Therefore, for this test series, applying a limit of 

shrinkage max +2*D would suggest a limit of 1.1 mm/m for shrinkage of grouted connections

near seabed in moderate climate conditions where in-situ water temperature rarely exceed 5-

8°C or a limit of 1.5 mm/m for 20 °C applying again shrinkage max20°C + 2 * D .
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The autogenous shrinkage for concrete is calculated in accordance with DIN EN 1992 as 

εca (t) = βas(t)* εca(∞)  

with            Equation 6-a

βas(t) = 1 – 푒��,�∗√�   and εca(∞) = 2,5 (fck – 10) *10-6

Equation 6-b            Equation 6-c

therefore after 54 d, with fck = 70N/mm2, βas(54) = 0.77 and εca(∞) = 0.115mm/m. This would 

underestimate the shrinkage by a factor of ten. It is suggested that the shrinkage formula be 

adapted by multiplying εca with 10. This compares well to the cement content for concrete, 

assuming a minimum cement content of 260-450 kg/m3, compared to cement density of 3100

kg/m3 for cement

βas(t) = 1 – 푒��,�∗√�   and εca,grout(∞) = 2,5 (fck – 10) *10-5

Equation 6-d           Equation 6-e

The long-term total autogenous shrinkage according to the above formula would yield an 

upper limit of εca (∞) = 1.5mm/m, which would appear a safe limit for concept designs, but 

would need to be confirmed for other cements. For moderate climates it may be possible to 

reduce this by 10-20% based on project specific tests.

Figure  6.2.4-b Shrinkage at 5°C (JIP GOAL Test G4.5 Implenia Labor)
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6.2.5 Slump test
Slump flow was established during testing with a cone compliant with DIN EN 12350-

8. Slump tests were repeated at AMPA. It is suspected that test on site were consistently 

conducted with the narrow cone opening pointing erroneously upward. Therefore, the values 

are consistent within the set of “on site” measurements but can be used only for qualitative 

and not quantitative purposes. For quantification, the values produced by AMPA are rele-

vant.

Nevertheless, slump values varied between 740 mm and 920 mm in Implenia Labora-

tory and site measurements varied between 650 mm and 970 mm. 

Figure  6.2.5-a Slump test, various samples taken during grouting of full-scale cylindrical specimen 1.01 (JIP GOAL Im-
plenia Labor)

At AMPA values varied between 500 mm for w/c =0.4 and 590 mm for w/c =0.45.

and 370 mm to 500 mm depending on the direction of the cone (AMPA4, 2019). Since the 

requirements in the standard for placing the cone are not without ambiguity, it is recom-

mended to explicitly state the test arrangement. 

Time after 
mixing

w/c ratio
0.35 0.4 0.45

Slump flow 

0 min

n.m. 370 530
230 500 590

Consistency [mm] 100/170 100/230 100/285
Density [kg/m3] 2020 1960 1930
Temperature [°C] 24.8 23.6 22.8

Figure  6.2.5-b Slump test, for cone placed with small diameter placed at top and bottom (AMPA4, 2019)
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6.2.6 Sedimentation test
The stability of the grout mix against free water and demixing was verified in accord-

ance with DAfStb guidance in a 500 mm high 100 mm inner diameter plexiglas tube at three 

different temperatures of 5 °C, 20 °C and 30 °C for a w/c = 0.4. The tubes were inclined at 

a 45° angle during filling and cut open after 7 days of curing.

Figure  6.2.6-a Sedimentations test (JIP GOAL Test G6.5 Implenia Labor)

Results:

None of the specimens displayed de-mixing or bleeding. As expected, the setting 

started earlier and reduction in slump was more pronounced for higher temperatures. Work-

ability for 5°C, 20°C and 30°C tests ended between 90-120 min, 60-90 min and 30-45 min

respectively. Dynamic modulus measurements carried out in accordance with DIN EN 

12504-4:2004 and measured at top and bottom third and at half height showed consistent 

results between 17300 MPa to 18100 MPa, see Table 6.1-d (AMPA5, 2020).

Measurement height [mm]
Measured from bottom of cylinder

20 130 250 360 470
Dynamic modulus of elasticity [MPa] 18100 17600 17600 17200 17800

Table 6.2-d  Dynamic E-Modulus measured after sedimentation test (AMPA5, 2020)

6.2.7 Creep test
Creep tests were carried out in accordance with DAfStb-Heft 422 on 100 mm dia by 

200mm high cylinders in 2019 and 2020 at KIT Karlsruhe on 6No. samples (KIT - Höffgen, 

2020). The cylinders were prepared and sealed with butyl-based sealant tape at AMPA and 

shipped to KIT Karlsruhe. Three set of load levels were targeted at 30%, 45%, 60% and 70% 
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of mean cylindrical strength. The creep tests were carried out on sealed cylinders to simulate 

the submerged condition. At each load level creep tests are assembled in series with two 

specimens on top of each other. Each specimen is equipped with strain gauges within the 

middle 100mm. Loads were kept for 90 days (KIT - Höffgen, 2020). Since all test in JIP 

relate to fully reversing loads and cyclical tests were run over a comparatively small time 

period, creep is not further considered in this work. The creep test sample loaded at 70% 

failed shortly after reaching target load, which is above expected fck, compare Table 7.3a and 

results of fatigues tests displayed in Table 7.3f. The samples tested at 30%, 45% and 60% of 

mean compressive strength showed the typical behaviour for concrete, with no non-linearity 

apparent at these load levels if adjusted. 

For comparison, the creep number derived from DIN EN 1992 on a 100/200 cylinder 

of C60/70 is approximately  and for 45% load and 30% load respectively. It 

is apparent that creep of the neat cement samples will be higher by approximately 50%-

100% than concrete. When creep behaviour is adjusted to account for the lack of aggregates

as suggested by Neville (Neville, et al., 1983) good agreement with expected behaviour can 

be observed (KIT - Höffgen, 2020). 

Figure  6.2.7-a Creep function for neat grout samples compared to model code and adjusted to Neville (KIT - Höffgen, 
2020)
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6.2.8 Compressive strength test
Compressive strength tests were carried out on 75mm cubes and 100 mm diameter by 

200 mm high cylinders. Tests were carried out for three different storage temperatures 5 °C, 

20 °C and 30 °C. Cylinders were tested after 28, 41 and 62 days, whilst cubes were tested at 

1, 2, 3, 7, 14, 20, 27, 28, 33, 35, 36, 43, 48, 50, 56, 58, 59, 62, 64, 72, 100 and 113 days after 

casting. Neat grout samples displayed often a failure pattern characterized by vertical failure 

planes as seen on the left of Fig. 6.2.8b and Fig 7.3.11. Some samples failed along a failure 

plane angled at 45°. Samples were stored at the prescribed temperature in a water bath until 

the day of testing. Additionally, a limited number of compressive strength tests were exe-

cuted on 4 No 75 mm, 5 No.150 mm cubes and 6 No 40 mm*40 mm*160 mm prisms each 

at 24 h and 28 d. These tests were executed on climate cabinet cured samples, which were 

stored at temperatures rising to 120 °C during a 24 h period to mimic the actual measured

heat of hydration temperature development in full scale samples as depicted in Fig 6.2.8.a.

Mean values for 28 days cube strength were measured consistently above 80 MPa and 

reached above 90 MPa after 56 days. Hence, the high heat of hydration did not have any 

noticeable effect on compressive strength. The results are statistically analysed in chapter 7.

Conversion factors for various shapes and dimensions are discussed in chapter 7.3.7.

Figure  6.2.8-a Derivation of temperature setting for heat cabinet curing of lab samples (JIP GOAL Implenia Labor)
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Figure  6.2.8-b Grout cubes after compressive strength test, left and middle displaying failure along vertical planes, right 
in typical pyramid shape

6.2.9 Long term durability (SVA-test)
In order to test the grout sensitivity to sulphate attack, ettringite and thaumasite for-

mation, long term durability tests were carried out at FIB Weimar and AMPA Kassel.

Test specimens of series 1 for the tests at FIB were prepared by Implenia with seawater

mixed OPC, sealed and shipped to FIB.  They were unpacked on delivery and stored in 

Ca(OH)2-Solution at 20 °C for neutralisation. In total 24 flat prisms 10mm*40mm*160mm, 

12No with measurement pins and 12 No. without pins. Three samples each with and without

pins were stored at 8°C and 20°C, each in 4.4 % Na2S04 solution and Ca(OH)2-solution for 

reference.

Figure  6.2.9-a Samples of grout delivered to AMPA

The temperature of 8 °C, deviating from the usual 5 °C, was agreed to be in line with tem-

perature in the water tanks of JIP GOAL. Expansion was measured after 14, 28, 56 and 91 

days. At a later stage the same durability tests were repeated on heat treated specimens as a 

test series 2, which were cut from a 200 mm isolated cube with temperature development of 
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120 °C prepared by Implenia and sent to AMPA. However, a recovery of suitable sized 

prisms was not possible as the grout behaved rather brittle displaying a pattern of micro 

cracks as depicted in Fig 6.2.9.a. As shown in Fig 6.2.9b a new cube was prepared with 

temperature measurements taken in the middle of the sample. Erroneously this sample was 

prepared with fresh water. Nevertheless, the cube was used to recover prism samples from 

the middle of the cube to examine the resistance against sulphate attack of grout which had 

been exposed to high heat of hydration. The tests both at FIB and AMPA examined expan-

sion, mass development and dynamic E-Modulus after 14, 28, 56 and 91 days (and 180 day 

at AMPA). AMPA also used the grinded grout from the core samples mixed with seawater 

produced by Implenia to carry out an x-ray diffractometry and a Rietveld analysis. The x-

ray diffractometry and Rietveld analysis was repeated for freshwater samples from the 

300mm cube exposed to 120 °C to examine the effect of high heat of hydration on the chem-

istry of fresh-water and seawater mixed grout (AMPA1, 2018).

Figure  6.2.9-b preparation 300mm temperature cure sample (AMPA1, 2018)

Figure  6.2.9-c temperature development in 300 mm isolated cube (AMPA1, 2018)
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Results:

Both test series at FIB and AMPA on samples stored in sodium sulphate Na2S04

yielded an increase in mass after 91 days of approximately 1.5 % when stored at 20 °C. After 

180 days the sample stored at AMPA displayed a marginal decrease in mass. For samples 

stored in NaCl (300 mg/l) solution the samples maintained a mass increase of 1.8 %. All

other samples showed no significant variations. Expansion measured at FIB yielded maxi-

mum expansion of 0.357 mm/m.

Remarkably it could be observed that, whilst ettringite was detectable for all samples 

stored in NaCl and Na2SO4, it was only detectable in traces in the reference sample from the 

300mm cube. The maximum reduction in dynamic E-modulus, measured in accordance with 

DIN EN 12504-4:2004 was 20000 MPa, suggesting that the microstructure was not deterio-

rating beyond the initial cracking observed in the first 28 days. Thereafter the change was 

not very pronounced. Notably the dynamic modulus measured for the samples at FIB yielded 

a modulus of 30,000 MPa and displayed no deterioration over time. Thaumasite could not 

be detected in any of the samples investigated at AMPA (AMPA1, 2018).

Figure  6.2.9-d Development of dynamic Young’s modulus (AMPA1, 2018)

6.2.10 Air content and permeability
The air content was measured during on site grout operation in accordance with DIN

EN 1015-7 and measured in an air-void-pot for fresh grout temperatures of 5 °C, 20 °C and 

30 °C. Mercury intrusion tests in accordance with DIN 66133:14 were carried out by AMPA 

both after 28d and 90d to establish total porosity, capillary and gel pore distribution accord-

ing to Washburn. The results are displayed in Table 6.2.10a. The pore size distribution is 

shown in Figure  6.2.10-c.
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Table 6.2.10-a Pore size distribution (AMPA5, 2020)

Fig 6.2.10-a Pore size distribution (AMPA5, 2020)

Results:

The air content of the grout measured during JIP GOAL grouting varied between 0.2 

to 1.2 Vol.% with no apparent correlation to strength as can be deducted from Fig. 6.1.13a 

for compressive strength after 28 days.
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Figure  6.2.10-b Compressive strength vs. air content

The total porosity of test samples tested at AMPA ranged between a maximum of 

13.3% and average of 12.6% after 28 days and below 10.8% after 90 days (AMPA5, 2020). 

Whilst the total porosity is comparable to dense cement-based mortars or dense concrete, the 

majority of the pores are gel pores (78% -82%), whereas the dominant pore size of typical 

cement mortars (i.e. cement with sand aggregates) is an order of magnitude larger (Zhao, 

2014).

Figure  6.2.10-c Pore size distribution of 28d and 90d samples (AMPA5, 2020)



120

6.2.11 Bulk density
The measured bulk densities of the grout mixed on site varied between 1.925 kg/dm3

and 2.024 kg/dm3, which complied with the target range of 1.96 to 1.98 kg/dm3. A slight

correlation to strength was detected within this range, albeit subject to significant scatter.

Figure  6.2.11-a Compressive strength vs bulk density 28 d samples

Figure  6.2.11-b Compressive strength vs bulk density for 56 d samples
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6.2.12 Effect of mixing time on strength
The effect of increasing the mixing time from 3 minutes to 5 minutes on the compres-

sive strength tested on 75 mm cubes was investigated in a test series comprising a total of 

48 samples at AMPA Kassel. Samples were prepared using OPC CEM I 52.5 N SR 3(NA) 

from Heidelberg Cement AG, cement plant: Paderborn; with artificial seawater „Peacock 

Seamix - Artificial Sea Water” and a water cement ratio of 0.4. The artificial seawater was 

mixed using 30 kg Seamix per 1000 l of main water. The laboratory mixer was an intensive 

mixer manufactured by Eirich with a nominal volume of 40 l (mixer type: R 05T) or 5 l 

(mixer type: RV 01). Compressive strength tests were carried out in accordance with DIN 

EN 12390-3:2009 by applying a controlled force at a speed of 0.5 N/(mm²·s) (AMPA4, 

2019).

The results are summarised in Table 6.2.12a. For all test ages of 3d, 7d and 28d after 

casting an increase in compressive strength of 9-14% could be observed. The samples mixed 

for 5min also displayed as expected a smaller standard deviation.

Table 6.2.12-a Compressive strength of 75 mm cubes prepared with different mixing time (AMPA4, 2019)

6.2.13 General remarks
A statistical analysis of compressive and tensile strength tests, Young’s modulus, age 

regression and influence of mixing procedures is provided in chapter 7. A detailed assess-

ment of the material test results is summarized in 7.3.12
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6.3 Large scale structural assembly capacity and fatigue tests

The test matrix of JIP GOAL to validate strength formulation of DIN EN ISO 19902 

and DNV-J101 was derived considering the ISO screening criteria (chapter 2) and typical 

behaviour as described in chapter 3 and chapter 5. The following describes the key charac-

teristics of the large-scale test programme. All results are discussed in section 7.4 and the 

JIP Final Report (Arup005, 2019). As it was intended to reuse some specimens a number of 

box test were included similar to those used in the JIP Grouted Connections with Shear Keys

(Lotsberg & Lervik, 2011). In order to validate test results of box specimens to cylindrical 

specimens a matrix of half-scale and full-scale specimens was composed as shown in figure 

6.3-a.

       
Figure. 6.3-a Full and half scale box to cylindrical validation matrix and specimen ID1.01 (Arup001, 2015)

The specimen geometry was derived after a review of as built and under design pre 

piled jacket configurations with input from the project partners. Load levels were reviewed 

for projects ranging from 19 m water depth (a project with difficult soil conditions) to 55 m 

water depth for turbine sizes up to 7 MW (Arup005, 2019). These parameters would need to 

be revisited for future projects due to the rapid increase in turbine sizes the industry has 

witnessed since commencement of JIP GOAL. For future projects, the load to geometry 

range may need to be validated particularly with a view to tension to compression and axial 

to bending load ratios.
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Full scale 
cylindrical 
specimen

Full scale 
box speci-

men

Near scale 
cylindrical 
specimen

Near scale 
box specimen

Leg diameter, Dp (mm) 900 N/A 450 N/A

Leg thickness, tp (mm) 40 Varies 40

Pile diameter, Ds (mm) 1800 N/A 900 N/A

Pile thickness, ts (mm) 50 50 (plus 

stiffeners)

25 25 (plus stiff-

eners)

Grout thickness, tg (mm) 400 2*400 200 2*200 

Grouted length, L (mm) 1600 1600 800 800

Shear key height, h (mm) 8 8 4 4

Shear key spacing, s (mm) 200 200 100 100

Box width (mm) N/A 400 N/A 200

Mean ULS capacity (MN) 40 11.3 10.0 2.8

Characteristic ULS capacity 

(95% prob. of failure) (MN)

53.3 15.1 13.3 3.8

Table 6.3-a Specimen geometry (Arup005, 2019)

The shear key arrangement was changed after initial tests and examination of failure 

patterns of half scale cylinders and boxes, which yielded unexpected low results. Accord-

ingly, Table 6.3b shows the relevant shear key arrangement for respective tests (Arup005, 

2019).

Table 6.3-b Shear key arrangement for various tests (Arup005, 2019)
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The test matrix was derived to create additional data points for ULS, FLS wet tests, 

EAC and coexisting bending for large annuli with Dg/tg=4.25 (Arup005, 2019). The initial 

test matrix derived is displayed in 6.3c.

Ref Test Type Test arrangement Type Load ac-

tion

No. of cy-

cles

Load 

(MN)

Test phase 1

1.01 FLS Full scale cylindri-

cal

Dynamic

(R = -1

Axial 10,000 ±12.0

1.02 ULS Near scale cylin-

drical

Static Axial N/A

1.03 FLS Near scale cylin-

drical

Dynamic

(R = -1

Axial 1,000 ±4.5

1.04 10,000 ±3.5

1.05 FLS with upper 

grout surface sub-

merged in water

Near scale cylin-

drical

Dynamic

(R = -1

Axial 10,000 ±3.5

1.06 ULS Full scale box Static Axial N/A 15.1

1.07 FLS Full scale box Dynamic

(R = -1

Axial 100 ±6.2

1.08 1,000 ±5.0

1.09 10,000 ±4.0

1.10 FLS load history Full scale box Dynamic

(R = -1

Axial ±6.2

1.11 ULS Near scale box Static Axial N/A 3.8

1.12

1.13 FLS Near scale box Dynamic

(R = -1

Axial ±1.3

1.14 ±1.0

Test phase 2

2.01 FLS with early age 

cycling

Full scale box Static Axial N/A 15.1

2.02 Dynamic

(R = -1)

100 ±6.2

2.03 1,000 ±5.0

2.04 10,000 ±4.0

2.05 FLS with larger 

pile geometry

Modified full scale 

box

10,000 ±4.0

Test phase 3

3.01 Combined loading Near scale cylin-

drical

Dynamic

(R = -1

Combined 

axial + 

moment

10,000 ±3.5

3.02 10,000 ±3.5

Table 6.3c Initial JIP GOAL test matrix (Arup005, 2019)
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Ref Test Type Test arrangement Type Load action No.of cycles Load (MN)

Test phase 1

1.01 FLS Full scale cylin-

drical with modi-

fied shear key ar-

rangement on in-

ner cylinder

Dy-

namic

(R = -1

Axial 10,000 ±9.0

1.02 ULS Near scale cylin-

drical

Static Axial N/A 13.3

1.03 FLS Near scale cylin-

drical

Dynamic

(R = -1

Axial 1,000 ±4.5

1.04 10,000 ±3.5

1.05 FLS with upper 

grout surface 

submerged in 

water

Near scale cylin-

drical

Dynamic

(R = -1

Axial 10,000 ±3.5

1.06 ULS Full scale box Static Axial N/A 15.1

1.07 ULS Full scale box Dynamic

(R = -1

Axial N/A 15.1

1.08 1,000 ±5.0

1.09 10,000 ±4.0

1.10 FLS load history Full scale box Dynamic

(R = -1

Axial ±6.2

1.22 FLS Near scale cylin-

drical with modi-

fied shear key ar-

rangement on in-

ner cylinder

Static Axial N/A 10.0

1.23 FLS Dy-

namic

(R = -1

Axial 1,000 ±2.9

1.24 10,000 ±2.3

1.25 FLS with upper 

grout surface 

submerged in 

water

10,000 ±2.3

Test phase 2

2.02 ULS with early 

age cycling

Near scale cylin-

drical with modi-

fied shear key ar-

rangement on in-

ner cylinder

Static Axial N/A 7.0

2.03 FLS with early 

age cycling

Dy-

namic

(R = -1)

100 ±1.6

Test phase 2

3.01 Combined load-

ing

Near scale cylin-

drical

Dynamic

(R = -1

Combined 

axial + mo-

ment

10,000 ±2.3

3.02 10,000 ±2.3

Table 6.3d Final test matrix JIP GOAL (Arup005, 2019)
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After the first tests of specimens 1.02 to 1.10 were completed, the test matrix was 

adapted to accommodate the decision to modify the shear key design of the cylindrical spec-

imens at the inner tube. The results and specimen behaviour of these initial tests did not 

concur with expected performance. In particular, the poor structural performance of the box 

specimens and excessive damage at the end of the fatigue tested cylindrical specimens lead 

to this decision as discussed in chapter 7.3. Accordingly, it was decided to abandon the re-

maining box tests and refurbish near scale cylindrical specimens 1.02 to 1.05 with revised 

shear key arrangement for reuse in test ID1.22 to 1.25 and 2.02 to 2.03. The resulting test 

matrix with actual loads is shown in Table 6.3d. All tests were carried out in accordance 

with the Detailed Test Specification (Arup002, 2015), which delineated, target load level, 

target cycles, failure criteria and requirements for data logging, which was prescribed at a 

frequency equal to 40 times loading frequency, i.e. 4Hz for a loading frequency of 0.1Hz

and reference drawings of the specimens. During the test campaign some load levels were

adjusted to account for actual mean compressive strength of the control cubes.

Table 6.3e Loading characteristics from Detailed test specifications (Arup002, 2015)

Prior to the test programme of JIP GOAL the M13 ma-

chine had undergone a major refurbishment, which entailed 

the replacements of the pistons. Before the test programme 

commenced the machines were re-calibrated using a specially

machined calibration dummy depicted in Figure. 6.3-b.

Figure. 6.3-b Calibration dummy 
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6.3.1 ULS and FLS testing arrangement
Testing of the large-scale specimens was conducted at the DAkkS accredited test fa-

cilities of the Research Centre for Steel, Timber and Masonry (Versuchsanstalt für Stahl, 

Holz und Steine) of Karlsruhe Institute of Technology (KIT). The two primary test machines 

were designated M13 and M14. For the specimens ID1.01, 1.02, 1.06, 1.07, 1.22, 2.02 the 

testing machine M13 has been used. M13 is a servo-hydraulic double column testing ma-

chine with a maximum test load of 25 MN compression and 15 MN cyclical compression 

and tension. The testing machine is calibrated in pressure direction from 1000 kN to 15000 

kN into class 1 according to DIN EN ISO 7500-1:2016-05 (limit value of the relative force 

display deviation q = 1%). The displacement measuring equipment of the test machine M13 

is categorized from 20 to 200 mm into class 1 according to DIN EN ISO 9513:2013-05 with 

a limit value of the relative strain deviation qrb = 1 % (KIT01-06, 2017).

Figure  6.3.1-a Schematic of inductive displacement sensor arrangement (KIT03, 2017)

The relative displacements were measured between leg and pile during testing with

two inductive displacement sensors (VA-No. 103 and VA-No. 16) (see Fig. 6.2.1a). Both 

sensors are categorized in both directions from 10 mm to 100 mm into class 1 according to

DIN EN ISO 9513:2013-05 with a limit value of the relative strain deviation qrb = 1 %

(KIT01-KIT06, 2017). All specimens had a top pad eye to connect them with a pin to the 

test machine. The test machine M13 was not equipped with a pin connection facility. There-

fore, a top pad eye was provided by innogy SE, see Fig 6.2.1b+c. The top pad eye was fixed 

to the machine with 15 bolts M80x4-10.9. Four of them have been prestressed with a torque 

of 4 kNm. Because of misalignment in the top pad eye all alignment washers provided had 

to be inserted. To avoid tilting in the bolts, spherical washers instead of plane washers were 

used (KIT04, 2017).
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Figure  6.3.1-b Drawings and photo of pad eye arrangement (KIT04, 2017)

The tests ID 1.03, 1.04, 1.05, 1.08, 1.09, 1.10, 2.03, 3.01 and 3.02 were performed on 

the DAkkS-calibrated servo-hydraulic four column testing machine M14 with a maximum 

load of 6.3 MN. The testing machine M14 is categorized in both directions from 200 kN to 

6000 kN into class 1 according to DIN EN ISO 7500-1:2016-05 with a limit value of the 

relative force display deviation q = 1%. The length measuring equipment of the test machine 

M14 is categorized from 40 mm to 395 mm into class 1 according to DIN EN ISO 

9513:2013-05 with a limit value of the relative strain deviation qrb = 1 %. 

To measure relative displacements between leg and pile during testing inductive dis-

placement sensors (VA-No. 02, VA-No. 04, VA-No. 16 and VA-N0. 65) were used. All 

sensors mentioned are categorized in both directions from 10 mm to 100 mm into class 1 

according to DIN EN ISO 9513:2013-05 with a limit value of the relative strain deviation 

qrb = 1 % (KIT01-KIT06, 2017).

For the test evaluation the mean value of the two displacement sensors was used

푢�,� = 푢� + 푢�
2

Twelve longitudinal strain gauges of type FLA-5-11-7LT (by Tokyo Sokki Kenkyujo 

Co.Ltd.) with a gauge factor of were installed. The sensor channels of the strain gauges were 

recorded by a strain gauges bridge amplifier HBM-QuantumX MX1615B (VA-No. 93) us-

ing carrier frequency (KIT01-KIT06, 2017).
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Figure  6.3.1-c Test set up in M14 specimen ID 1.24 at KIT (KIT04, 2017)
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Figure  6.3.1-d Test set up in M13 specimen ID 1.01 at KIT (KIT03, 2017)



131

6.3.2 Wet tests
Specimen 1.05 and 1.25 were tested under submerged (wet) condition. Therefore, the 

top side of the outer cylinder was enlarged upwards with a thin metal sheet, which was 

sealed. During testing it was visually controlled that the surface of the grout was always 

continuously covered with water. The water level was kept constant at approximately 50 

mm. Underneath the outer cylinder pans were connected with the specimen to collect water 

flowing down. 

The first six cycles were carried out as ramp up with a speed of 0.25 mm/min with an incre-

mental increase in speed. The force level was limited to an amplitude of 2.3 MN. From the 

7th cycles onwards controlling was changed to cascade control with a frequency of 0.01 Hz. 

The frequency was increased in steps of 0.001 Hz up to the maximum value of 0.5 Hz. Due

to criterion 2 coming into effect after 10,650 cycles the test was aborted (KIT05, 2017).

Figure  6.3.2-a Wet test assembly specimen ID 1.25 (KIT04, 2017)
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6.3.3 Early age cycling test rig
Two specimens in the large-scale test series of JIP GOAL were tested in a tank under 

water while subjected to early age cycling. Specimens 2.02 and 2.03, which were refurbished 

specimens previously used for the test 1.02, 1.03, 1.22 and 1.23 were grouted on 19th July 

2017, submerged in tank 1 and immediately subjected to early ag cycling (EAC). Both spec-

imens had an outer tube diameter of 900 mm and an inner tube diameter of 450 mm, with 6 

shear keys on the inner tube and 8 shear keys on the inside of the outer tube. All shear keys 

were spaced at 100 mm. 

Figure  6.3.3-a EAC reaction frame schematic and in-situ (Arup004, 2017)

The EAC loading frame was designed to allow a smooth transition from displacement 

controlled axial cycling with a maximum amplitude of +/-1.5mm to a force controlled test.

The specimen’s inner cylinder was directly connected to the hydraulic actuator. The actuator 

reacted against, a loading plate which is supported from the main frame by 4 No. sets of 

disprings which results in a transition from displacement to force control over the course 

of the grout curing, as shown in fig 6.3.3.b. This mechanism was designed to limit the max-

imum applied force. The applied loading frequency during EAC was set to 0.3 Hz corre-

sponding to wave conditions associated with a significant wave height of 3 m. During EAC 

testing peak to valley force delta of 14.5 kN was reached (+/-7.25 kN).
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Figure  6.3.3-b Displacement control to force control (Arup004, 2017) (KIT05, 2017)

The disc springs were calibrated at KIT facilities on the DAkkS-calibrated universal 

testing machine M20 with a maximum load of 100 kN prior to testing as described in (KIT05, 

2017). After initial cyclic loading of 24 h, the specimens cured for 28 days under submerged 

conditions and were tested for ULS and FLS on the 14.08.2017 and 15.08.2017. The results 

are discussed in section 7.4. Fig. 6.3.3-b on the right displays the measured applied displace-

ment uM in the piston (blue), relative displacement u1,2 (black)  and the displacement in the 

spring uf (green). It can be seen how the test moves from a displacement controlled to a 

force-controlled test from approximately cycle no. 4000-5000. The springs starts to accom-

modate displacement and an increase in applied load is observed, compare also Fig.6.3.3-c.

Figure 6.3.3-c Peak to valley force over no. of cycles (Arup004, 2017) (KIT05, 2017)
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7 Test result evaluation

7.1 General observations

Visual inspections give a first insight into the material behaviour and understanding of 

failure mechanisms, either confirming previous observations or adding new insights. During 

grout mixing and preparation of samples, the highly workable fluid behaviour of the neat 

grout was confirmed. However, the deficiencies experienced during grouting of specimen 

2.03, which displayed some 40 mm grout settlement highlight the challenges when more 

difficult geometries with voids or recesses etc. need to be grouted, and where the displace-

ment of water is impeded by obstacles. Setting times recorded in sedimentation tests and 

provided by the manufacturer correspond well with observed behaviour during EAC tests,

where displacements significantly reduced after approximately 200 minutes.

During static compressive strength tests the specimens displayed brittle behaviour. Thin 

sheets of grout peeled of the sides of compressive strength test cubes some time before com-

pressive strength failure occurred. This behaviour was also observed during cyclic testing at 

AMPA, see Fig 7.1a+b and 7.3.11a.

Figure. 7.1-a 75mm cubes after compressive strength testing

Figure. 7.1-b 80 mm core sample during test, right brittle specimens from 300 mm heat cured cube 
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A finely distributed pattern of microcracks could be observed on an unloaded box specimen 

which was dismantled to observe the crack pattern. Fine crack patterns became clearly visi-

ble as residual water evaporated after opening the specimen, Figure 7.1-c. It is likely that 

this pattern is associated with high heat of hydration. The specimens were however very 

compact. Cracks therefore may be better described as fault lines in the matrix. As tensile 

forces due to bending are applied pieces break up into smaller pieces, resembling a resistance 

most observers likened to a nicely cooled bar of dark chocolate. The behaviour of the con-

nection assembly under static strength test was in contrast very ductile, see Fig 7.1d

Figure. 7.1-c crack pattern of unloaded specimen

  
Figure. 7.1-d Ductile behaviour of cylindrical (left) and box specimen (right) (Arup005, 2019) (KIT02, 2017)
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Typical crack patterns showing signs of grout matrix failure as well as interface shear failure; 

both could be observed on all specimens. As specimens were designed with an h/s of 0.04 at 

the transition from interface shear failure to grout matrix failure as governing failure modes 

of the design this observation was expected.

Figure. 7.1-e Typical indicators for interface shear failure (Arup005, 2019)

From the experience of the site and test operations the following general observations can 

be summarized:

 careful planning of pumping operations and pump trials is essential, considering the 

equipment as to be used on site (mixers, hoses, pumps, grout line diameters, mani-

folds and or stingers and nozzle geometry) 

 grout material itself is brittle and structured by fault lines and microcracks

 assembly behaviour of grouted connection is very ductile

 crack patterns confirm established failure mechanisms of interface shear failure and 

grout matrix failure

 specimens should be long enough to ideally engage at least five shear keys effectively

 end effects have a deleterious effect on fatigue performance of the connection as-

sembly

Diagonal cracks

Grout cavities
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7.2 Statistical methods

7.2.1 Data outliers
Statistical outliers are identified using the Cook’s distance (Cook, et al., 1987). In sta-

tistics, outliers are defined as observations which stand far away from any other observation 

and are usually caused by measurement or data handling errors. Outliers in data can distort 

predictions and affect the accuracy, especially in regression models. Cook’s distance is a 

measure computed with respect to a given regression model and therefore is impacted only 

by the independent variables included in the model. It computes the influence exerted by 

each data point on the predicted outcome. The Cook’s distance for each observation i

measures the change of the fitted value for all observations with and without the presence of 

observation i, i.e. how much the observation i impacted the fitted values. Mathematically, 

Cook’s distance Di for observation i is computed as (Cook, et al., 1987):

퐷� =
∑ (푌�,� − 푌�,�(�))��

���
푝 ∗ 푀푆퐸

          Equation 7-a

With Yf,j is the value of jth fitted response when all the observations are included, Yf, 

j(i) is the value of jth fitted response where the fit does not include observation i, MSE the 

mean square error and p the number of coefficients in the regression model.

Fig. 7.2.1 depicts the Cook’s distance of the regression model for the compressive 

strength test results of cube specimen, FoundOcean grout manufacturer, 5°C storage tem-

perature over all ages data set, singling out observation number 119 to be above 10 times the 

Cook’s distance mean. Thus, the test value corresponding to specimen number NSC1.03-

G6.6.2-5°C-7-15.09 is subsequently neglected (it tested at 33MPa at 100 days, whilst the 

five remaining specimens were tested at 71MPa to 75MPa).
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Fig 7.2.1 Observations Cook’s distance to logarithmic regression model

7.2.2 Fitting distribution

In order to derive critical values for the entire data population of OPC mixed with 

seawater the empirical data is fitted to a parametric distribution applying the methodology 

described by Loch and Ricci (Loch, 2014) (Ricci, 21 February 2005) and using the statistical 

software package R. 

For a first estimate the Cullen and Frey graph allows for a visual comparison of the 

data observation with standard distributions by depicting the range of their squared values

of skewness and kurtosis, which are linked to the 3rd  and 4th  central moments, respectively. 

The kth central moment of a data population of N observations xi with mean µ is

µ� = 1
푁 �(푥� − µ)�

�

���
          Equation 7-b

Thus, the skewness γ1 is calculated by

훾� = µ�

µ�
�
�

           Equation 7-c

and the kurtosis γ2 by

훾� = µ�
µ�� − 3

          Equation 7-d

The bootstrapped values are constructed resamples of the observed data set and allow, 

in this particular case, to assess the stability of the observation skewness and kurtosis. The 
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applied methodology is further described in (Delignette-Muller & C, October 2014). The 

parametric distributions herein considered are limited to normal, lognormal and the Weibull 

distributions, with additional graphical methods for comparison of the fit: 

i. The histogram of the data along with theoretical densities

ii. The so-called Q-Q plot which compares the quantiles of two distributions, lead-

ing to high resolution at the tails of the distribution

iii. The empirical and theoretical cumulative distribution functions

iv. The so-called P-P plot which compares the cumulative distribution functions 

of two distributions, leading to high resolution at the centre of the distribution

Finally, numeric goodness-of-fit tests are evaluated to support the visual conclusions. 

Goodness-of-fit tests indicate whether or not it is reasonable to assume that a sample comes 

from a specific distribution (Jogesh Babu & Rao, 2004). Goodness-of-fit tests are a form of 

hypothesis testing where the null and alternative hypotheses are:

H0: Sample data is derived from the theoretical distribution

HA: Sample data is not derived from the theoretical distribution

A single-sample Kolmogorov-Smirnov (KS-) test is applied to decide if the sample 

comes from a Weibull distribution which parameters are estimated from the data sample 

beforehand (as the p-values returned are rather high, the error imported by using estimated 

parameters compared to bootstrapped simulated ones is maximum 3.5% and is, therefore, 

accepted (Jogesh Babu & Rao, 2004)). Generally, the KS-test is a non-parametric test based 

on a comparison between the empirical distribution function and the theoretical one, quanti-

fying their relative distance.

The Kolmogorov-Smirnov test statistic for an empirical distribution function Fn(x) and 

a given cumulative distribution function F(x) is given in Eq 7-e, with supx equal to the su-

premum of the set of distances.

퐷� = 푠푢푝�|퐹�(푥) − 퐹(푥)|
           Equation 7-e

For the normality test, the Anderson-Darling-test (AD-test) is used which is a modifi-

cation of the Kolmogorov-Smirnov test and makes use of the specific distribution in calcu-

lating critical values (Stephens, 2002). The formula for the test statistic parameter A to assess 

if data Yn belongs to a CDF Φ is
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퐴� = −푛 − � 2푖 − 1
푛

�

���
[ln�훷(푌�)� + ln�1 − 훷(푌�����)�]

                  Equation 7-f

The test statistic can then be compared with the critical values of A of the theoretical 

distribution. In this case no parameters are estimated in relation to the distribution function 

Φ. In R environment this test can be used only to check normality. For the lognormal distri-

bution the AD-test is also used after the data has been transformed to normal observations.

Additionally, the AIC (Akaike Information Criterion) value is determined which esti-

mates the quality of each model fit relative to each of the other fit, while the model with the 

lowest AIC value is preferred (Sakamoto, et al., 1986). Lmax is the maximum value of the 

likelihood function

퐿(휃|푥) = 푓(푥|휃)
                 Equation 7-g

where f is the density function of x depending on the parameter θ.

With k being the number of estimated parameters of the model the AIC value is deter-

mined by

퐴퐼퐶 = 2 ∗ 푘 + 2 ∗ 푙푛 (퐿���)
      Equation 7-h

The estimated parameters of the fitted distributions, probability values of the hypoth-

esis’s tests and the AIC value of the models are listed in paragraph 7.3.1. The resulting char-

acteristic values of the compressive strength, i.e. the 5% quantile, are stated for the fitted 

distributions and, for comparison, the data set.
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Figure 7.2.2-a Skewness-kurtosis of data set and choice of distribution combined with bootstraped samples; data:28 d 
compressive strength, 75 mm cube, 5 °C storage temperature

Figure 7.2.2-b Standard goodness-of-fit plots for Weibull, lognormal and normal distributions; data:28 d compressive 
strength, 75 mm cube, 5 °C storage temperature
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Figure 7.2.2-c Skewness-kurtosis of data set and choice of distribution combined with bootstraped samples; data:28 d 
compressive strength, 75mm cube, 20 °C storage temperature

Figure 7.2.2-d Standard goodness-of-fit plots for Weibull, lognormal and normal distributions; data:28 d compressive 
strength, 75 mm cube, 20 °C storage temperature
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Figure 7.2.2-e Skewness-kurtosis of data set and choice of distribution combined with bootstraped samples; data:28 d 
compressive strength, 75 mm cube, all storage temperatures

Figure 7.2.2-f Standard goodness-of-fit plots for Weibull, lognormal and normal distributions; data: 28 d compressive 
strength, 75 mm cube, all storage temperatures
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Figure 7.2.2-g Skewness-kurtosis of data set and choice of distribution combined with bootstraped samples; data: 28 d 
compressive strength, 100/200 mm cylinder, 20 °C temperatures

Figure 7.2.2-h Standard goodness-of-fit plots for Weibull, lognormal and normal distributions; data: 28 d compressive 
strength, 100/200 mm cylinder, all storage temperatures
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7.2.3 Regression analysis

a) Analysis of variance for categorical variable

To assess any systematic discrepancy in the test values caused by categorical manu-

facturing variables, i.e. the different grout manufacturers, an analysis of variance (ANOVA) 

test is performed. Since sample sizes are partially rather small, normality and homoscedas-

ticity of the different groups cannot be confirmed and the non-parametric Kruskal-Wallis 

test or one-way ANOVA on ranks is used (McDonald, 2014). 

The aim is to check if differences between test results from the different grout manu-

facturers as depicted in Figure 7.2.3b are statistically significant. The ANOVA test, null

hypotheses and alternative hypotheses are:

H01: Compressive strength test values have the same mean compressive strength, i.e. 

the choice of grout manufacturer does not influence the compressive strength.

HA1: The choice of grout manufacturer influences the compressive strength.

Kruskal-Wallis test approximates the p-value by

Pr (휒�
��� ≥ 퐻)

                        Equation 7-i

With the critical value of the chi-squared probability distribution, 휒�;���
� , the degrees 

of freedom g, the significance level α=0.05 and the statistic parameter H

퐻 = (푁 − 1)
∑ 푛�(푟�,� − 푟�)��

���
∑ ∑ (푟�� − 푟�)���

���
�
���

                        Equation 7-j

With N the total number of observations across all groups, ni the number of observa-

tions in group i, rij the rank among all observations of observation j from group i. rm,i is the 

average rank of all observations in group i

푟�,� =
∑ 푟��

��
���
푛�

                       Equation 7-k

And rm is the average of all rij

푟� = 1
2 (푁 + 1)

                        Equation 7-l
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The Kruskal-Wallis test affirms the visual conclusion by rejecting the null hypotheses 

with  

p = 0.00088 ≤ 0.05 = 훼
                      Equation 7-m

Therefore, it is concluded that the choice of grout manufacturer affects the compres-

sive strength test values in a statistically relevant way.

Figure 7.2.3a Boxplot* comparing compressive strength test results of 75mm cubes from different manufacturers, 20 °C 
storage temperature, age at testing 28 days *Boxplot: point within box= mean; thick horizontal line = median; end of the 
box = upper and lower quartiles; vertical line = highest to lowest value excluding outliers; individual points= outliers
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Figure 7.2.3b Regression models for different manufacturers, 5 °C storage temperature

b) Regression models for continuous variables
Regression analysis is a set of statistical techniques to model and analyse the relation-

ship between a dependent and one or more independent continuous variables. A simple linear 

regression model that describes the relationship between two variables x and y can be ex-

pressed by the following equation

푦 = 훽� + 훽�푥 + 휀
                                  Equation 7-n

Thus, by choosing the parameters β1 and β2 the least square method minimizes the sum 

of squares of the error term ε. To quantify the quality of the regression, model the coefficient 

of determination R-square and the correlation coefficient are determined. The R-square 

value equals the fraction of variance explained by the model. If yi is denoted as the observed 

values of the dependent variable, ym as its mean, and fy,i as the fitted value, then the coeffi-

cient of determination is: 

푟� =
∑(푓�,� − 푦�)�

∑(푦� − 푦�)�

                       Equation 7-o

0 20 40 60 80 100

20
40

60
80

10
0

Regression over age for different grout manufacturers

age at testing [days]

co
m

pr
es

si
ve

 s
tr

en
gt

h 
[N

/m
m

2]

BVV
Found Ocean
Implenia



148

The correlation coefficient equals the ratio of the covariance of two variables to the 

product of their individual standard deviations as defined by the following formula, where 

sx and sy are the sample standard deviations, and sxy is the sample covariance.

푟�� =
푠��

푠�푠�

                       Equation 7-p

In order to assess different material characteristics of the OPC mixed with seawater 

the following relationships are analysed.

a) The compressive strength has been tested at different ages of the specimen. A loga-

rithmic relationship is assumed as shown Figure 7.2.3b. Using the least square method 

the fitted models are approximated by a logarithmic function  푓(푥) = β� + β� ∗ log(x)
with β1 and β2 as depicted in Table 7.2.3a. 

According to DIN EN 1992 the compressive strength at age t is determined by the equa-
tion

푓��(푡) = 훽��(푡) ∗ 푓��
                 Equation 7-q

b) With fcm(t) as the average compressive strength at age t, fcm the average compressive 

strength at 28 days and a factor βcc(t) with

훽��(푡) = 푒�[�����
� ]

                  Equation 7-r

s is a factor dependent on the type of cement and is set to be 0.2 in line with DIN EN 
1992.

c) The compressive strength has been tested at different storage temperatures. A linear 

relationship is assumed as shown in Figure 7.2.3-b. Using the least square method the 

fitted models are approximated by a linear function 푓(푥) = β� + β� ∗ x with β1 and β2

as depicted in Table 7.2.3a.Table 7.2.3a Coefficients of regression models for the com-

pressive strength over age, all storage temperaures

As seen in Table 7.2.3a, the correlation coefficients are low where data sets contain 

different test temperatures or sample origins (lab vs. field). However, the analysis for 

subsets as depicted in Q-Q plots and Cullen Frey graphs show a better fit, see  Figure 

7.2.2-b.
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Data β1 β2 R-square Correlation 
coefficient

3 days 30 1.24 0.59 0.77

7 days 61.1 0.45 0.17 0.41

28 days 75.4 0.24 0.07 0.27

56 days 82.58 0** - -

Table 7.2.3a Coefficients of regression models for the compressive strength over age, all storage temperaures

Data β1 β2 R-square Correlation 
coefficient

All Temperatures 34.08 12.66 0.673 0.82

5°C 31.29 13.2 0.728 0.85

20°C (no data for age 
of  1 and 2 days)

46.44 9.692 0.404 0.64

Table 7.2.3b Coefficients of regression model for compressive strength over storage temperature

Figure 7.2.3c Regression model for compressive strength over storage temperature relationship
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7.3 Statistical evaluation of mixed material property test results

In order to design neat OPC grouted connections in line with the semi probabilistic 

design concept of DIN EN1990 the structural material properties as used in the design must 

be statistically evaluated and compared to properties and assumptions for concrete and grout 

mortar.  On the basis of the results from the material property tests it shall be evaluated if 

the

- Factors of safety for material properties in DIN EN 1990, DIN EN 1992 and

- Conformity criteria of DIN EN 197 or DIN EN 206

are applicable or if modifications are required. The analysis is based on the guidance 

given in Appendix D of DIN EN 1990:2010, statistical methods and follows the approach of 

the equivalent concrete performance concept in chapter 5.2.5.3 of DIN EN 206.

Therefore, the statistical distribution of structural material properties and time and tem-

perature dependencies are analysed and displayed in comparison with existing guidance in 

line with the state of technology for concrete.

Furthermore, the conformity criteria according to chapter 8 of DIN EN 206 shall be

evaluated for applicability and guidance for modifications is given.

In particular the following principal questions are to be answered in order to make 

assumptions regarding the applicability of DIN EN 1992 design rules to grouted connections 

cast with neat grout:

1) Is the 28-day compressive strength development in line with assumptions of DIN EN

1990 and DIN EN 206?

2) Is the development of early age compressive strength in line with DIN EN 1990 and

DIN EN 206?

3) Is the development of compressive strength in relation to Young’s modulus (E-Mod-

ulus) in line with DIN EN 1990 and DIN EN 206?

4) What are the typical properties for splitting tensile strength?

5) Are there statistically significant differences detectable for the three grout contrac-

tors?

6) Are the conversion factors for different cube sizes and cube to cylinders applicable?

7) What is the influence of ambient and slurry temperatures?
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7.3.1 Statistical results of material property test matrix
The results of the statistical analysis of 512 test specimens, tested for splitting tensile 

strength, compressive strength and Young’s modulus are summarized in Table 7.3-a below.

No of 
tests

Normal/ 
Lognor-
mal or 
Weibull 

Mean Stan-
dard 
devia-
tion

5% -fractile Data 5% 
quantile

p-value 
hypothe-
sis test

28d compressive strength 
75mm cube 5°C

68 AIC 
value
479 N

481 LN

477 W

84

Meanlg=
4.43

Shape=
12.27

8

Sdlog=
0.097
Scale=
87.53

70.94 N

71.55 LN

68.7 W

69.766 0.12 N

0.03 LN
0.77 W

28d compressive strength 
75mm cube 20°C 56

AIC 
value
378 N

379 LN

386 W

87.57

Meanlg=
4.47

Shape=
12.87

6.9

Sdlog=
0.079
Scale=
90.72

76.32 N

76.71 LN

72 W

77.84 0.39 N

0.28 LN

0.33 W

28d compressive strength 
75mm cube 30°C

3 93.34 2.92 n.p. 90.63 n.p.

28d compressive strength 
75mm cube all temperatures 127

AIC 
value
882 N

888 LN

885 W

85.79

Meanlg=
4.45

Shape= 
12.36

7.68

Sdlog=
0.092
Scale=
89.2

73.16 N

73.44 LN

70.15 W

71.29 0.055 N

0.003 LN
0.73 W

28d compressive strength 
100/200mm cylinder 5°C

3 60.5 3.2 n.p. n.p. n.p.

28d compressive strength 
100/200mm cylinder 20°C

24 AIC 
value
197N

195LN

199W

65.28

Meanlg=
4.16

Shape= 
5.07

13.92

Sdlog=
0.2

Scale=
70.95

42.86 N

46 LN

39.5 W

50.3 0.007 N

0.012 LN
0.23 W

28d compressive strength 
100/200mm cylinder 30°C

3 83.6 3.15 n.p. n.p. n.p.

28d compressive strength 
100/200mm cylinder all temp.

30 66.64 13.79 n.p. 50.57 n.p.

28d compressive strength 
75mm cube 20°C (Foun-
dOcean)

25 91.14 5.94 n.p. n.p. n.p.

28d compressive strength 
75mm cube 20°C (BBV)

25 85.17 6.5 n.p. n.p. n.p.

28d compressive strength 
75mm cube 20°C (Implenia)

6 82.66 5.49 n.p. n.p. n.p.

1d compressive strength 75mm 
cube 5°C

9 22.14 1.95 n.p. n.p. n.p.

3d compressive strength 75mm 
cube 5°C

18 39.72 10.87
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No of 
tests

Lognor-
mal or  
normal 

Mean Stan-
dard 
devia-
tion

5% -frac-
tile

95%-
fractile

hypothe-
sis test

3d compressive strength 75mm 
cube 20°C

4 n.p. 59.36 14.08 n.p. n.p. n.p.

3d compressive strength 75mm 
cube 30°C

3 n.p. 74 1.78 n.p. n.p. n.p.

7d compressive strength 75mm 
cube 5°C

59 n.p. 69.5 7.49 n.p. n.p. n.p.

7d compressive strength 75mm 
cube 20°C

7 n.p. 74.13 4 n.p. n.p. n.p.

7d compressive strength 75mm 
cube 30°C

3 n.p. 85.21 0.98 n.p. n.p. n.p.

3-28d compressive strength 
75mm cube all temperatures

275 n.p. 76.94 14.44 n.p. n.p. n.p.

>28d compressive strength 
75mm cube all temperatures

101 n.p. 88.43 9.05 n.p. n.p. n.p.

>56d compressive strength 
75mm cube all temperatures

48 n.p. 91.23 8.9 n.p. n.p. n.p.

E-Modulus 100/200mm cyl 
5°C

3 n.p. 20933 1361 n.p. n.p. n.p.

E-Modulus 100/200mm cyl 
20°C

3 n.p. 21367 404 n.p. n.p. n.p.

E-Modulus 100/200mm cyl 
30°C

3 n.p. 19500 866 n.p. n.p. n.p.

E-Modulus 100/200mm all 
temp

9 AIC 
value

156 N
156 LN
155 W

20600 N
Mean-

log= 9.93
Shape= 
23.18

1119 N
Sdlog= 
0.055
Scale= 
21112

18760 N

18761 LN

18573 W

22440 N

22482LN
22136 W

0.194 N

0.166 LN
0.856 W

Splitting tensile strength 21 - 3.86 1.034 2.546 5.783 n.p.
3d compressive strength 75mm 
cube slurry temp <25°C

7 n.p. 59 7.455 50 68.46 n.p.

3d compressive strength 75mm 
cube slurry temp >25°C

27 n.p. 49.44 17.88 26.9 75.2 n.p.

>56d compressive strength 
75mm cube slurry temp >25°C

30 n.p. 89 11 71.54 104.76 n.p.

1d compressive strength 75mm 
cube temp cabinet 120°Cmax

4 n.p. 58.98 n.p. n.p. n.p. n.p.

1d compressive strength 
150mm cube temp cabinet 
120°Cmax

5 n.p. 49.96 n.p. n.p. n.p. n.p.

1d compressive strength 
40/40/160 temp cabinet 
120°Cmax

6 n.p. 46.52 n.p. n.p. n.p. n.p.

28d compressive strength 
75mm cube temp cabinet 
120°Cmax

4 n.p. 81.95 n.p. n.p. n.p. n.p.

28d compressive strength 
150mm cube temp cabinet 
120°Cmax

5 n.p. 76.2 n.p. n.p. n.p. n.p.

28d compressive strength 
40/40/160 temp cabinet 
120°Cmax

6 n.p. 70.38 n.p. n.p. n.p. n.p.

Table 7.3-a Statistical analysis of material property tests JIP GOAL; n.p. = not provided due to small sample sizes or 
inconsistent test temperature in the set of samples
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7.3.2 Compressive strength

Principal question 1: Is the 28-day compressive strength development in line with as-

sumptions in DIN EN1990 and DIN EN 206?

The standardized characteristic compressive strength of the OPC mixed with seawater 

material is calculated according to DIN EN 1992 applying the conversion factors as depicted 

in Table 7.3-d. For the cube specimens stored at 20 °C and for 28 days, the compressive 

strength is most accurately approximated with a log normal or normal distribution, as de-

picted in Table 7.3-a. The 5% quantile of the fitted population equals a value of 76.3 N/mm2. 

Two conversion factors accounting for alternative specimen dimension and storage condi-

tions, accordingly, need to be applied:

푓��,������� = 푓��,������ ∗ 푘���
��

∗ 푘 ���
�����

= 76.3 푁
푚푚� ∗ 0.84 ∗ 1.05 = 67.3 푁

푚푚�

                       Equation 7-s

or assuming the higher conversion factor of 0.93 as derived from the small sample of 

heat-treated specimens, which were store both under water 

푓��,������� = 푓��,������ ∗ 푘���
��

∗ 푘 ���
�����

= 76.3 푁
푚푚� ∗ 0.93 = 70.96 푁

푚푚�

           Equation 7-t

A factor of 0.89 for the conversion from 75 mm cubes to 150/300 cylinders is sug-

gested by (Schmidt, et al., 2013). With this factor an equivalent cylinder strength of 67.9 

MPa is calculated. For the cylinder specimen, 20 °C storage temperature and age at testing 

of 28 days data, the compressive strength is also most accurately approximated with a

Weibull distribution, as depicted in Table 7.3-a . The 5% quantile of the fitted population 

equals a value of 39.5N/mm2. Two conversion factors accounting for alternative specimen 

dimension and storage conditions need to be applied, as follows:

푓��,��� = 푓��,������ ∗ 푘������ ∗ 푘 ���
�����

= 39.5 푁
푚푚� ∗ 1.04 ∗ 1.05 = 43.13 푁

푚푚�

          Equation 7-u

Thus, the material is classified to be of compressive strength class C40/50 according

to DIN EN 206-1 (DIN206, 2017), which differs considerably from conversion factors de-

rived for high strength grouts as quoted by previous researchers (Schmidt, et al., 2013)
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(Werner, 2017). This is also reflected by a relatively high standard deviation of compressive 

strength test results for cylinders, see Table 7.3-a.

Thus, the material can be classified as being of compressive strength class C40/50 

based on the cylindrical test results, or C60/70 based on the larger database of cubes if one 

uses a cylinder-to-cube conversion factor = 1.2 -> fck,cyl = 58.3 MPa according to (DIN206, 

2017), noting that the nearest standard strength class would be a C60/75. Whilst it is offshore 

practice to use 75 mm cubes, an understanding of cylinder strength has relevance for offshore 

grout application, because undisturbed in-situ grout can sometimes be recovered from grout 

lines to assess the in-situ strength of structures (Wimpey Laboratories, October1981)Es ist 

eine ungültige Quelle angegeben..

Fig.7.3.2-a compares the average compressive strength over age regression model for-

mulated in section 7.2.3 with the corresponding characteristics of the obtained classes ac-

cording to DIN EN 1992 (DIN1992, 2011).

Figure  7.3.2-a Compressive strength compared to Eurocode specification, conversion to standard cube specimen included  
i.e. conversion factors k75/150 = 0.89 and kwater/dry =1.05 applied
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The p-hypothesis tests in Table 7.3-a confirm that the requirement from Appendix C.6 

of DIN EN 1990 for lognormal or Weibull distribution of material properties is valid for 

seawater mixed OPC at storage temperature from 5 °C to 30 °C.

7.3.3 Age regression

Principal question 2: Is the development of early compressive strength in line with DIN 

EN 1992?

At the 5°C storage temperature the average compressive strength of specimens tested 

at an age of 2 days relates to those tested at an age of 28 days as follows

푓��,�
푓��,��

= 42.76
84 = 0.509

Equation 7-v

According to DIN EN 1992 cl.3.1.2, this ratio falls in the range of fast strength devel-

opment (however, the standard presumes a storage temperature of 20°C).

For the empirical data of the cube specimens stored the 5° C, a regression model has 

been fitted which is described by the following function

푓(푥)[ 푁
푚푚�] = 31.29 + 13.2 ∗ 푙표푔(푥 [ 푑푎푦푠]) + 푟푒푠푖푑푢푎푙푠

Equation 7-w

The time dependent strength development formulas from DIN EN 1992 provide a good 

fit to the strength development of neat OPC grout, considering the overall scatter of data. see 

Figure-7.3.2-a. 

7.3.4 Young’s modulus

Principal question 3: Is the development of Young’s modulus (E-modulus) in line with 

DIN EN 1992 and DIN EN 206?

According to DIN EN 1992 the Young’s modulus for concrete is calculated with equa-

tion below (Eq 7-x)

Ecm*10-3 = 22 (fcm/10)0.3

Equation 7-x

Within the JIP GOAL the Young’s modulus was determined according to DIN EN 

12390-13 for specimens stored for 28 days at three temperatures 5 °C, 20 °C and 30 °C on 

three specimens for each temperature. The displayed values represent a relatively narrow 
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range of w/c ratios around 0.4. If these relationships are valid for other w/c should be exam-

ined if considerably lower or higher w/c ratios are used.

Figure  7.3.4-a Young’s modulus vs compressive strength

Figure  7.3.4-b Same graph as above, without Young’s modulus acc. Sele + Log. (E-Modul all)
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It can be observed that OPC CEM I neat grout behaves considerably more pliable than 

concrete according to DIN EN 1992 however much stiffer than the relationship suggested 

by Sele1992. The values for Young’s modulus are within the expected range according to 

Schießl (Schießl & Sasse, 1992) (page198) of 6000-30000 N/mm2, Schießl recommended 

the formula E= a * b * 12500 MPa for calculation of the Young’s modulus. For neat grout 

the factor a, which represents the ratio of aggregate stiffness to cement matrix stiffness is     

a = 1 and the for w/c ratio of 0.3 the parameter b = 1.5, hence a stiffness of E = 1.75 * 12500

= 21875 MPa is determined which lies within the scatter of values tested in GOAL. As for 

the compressive strength development it was observed that material subject to high heat of 

hydration temperature of up to ca 120°C displayed marginally (approx. 10%) lower typical 

compressive strength and Young’s modulus values (AMPA5, 2020). After 1 day of curing 

the Young’s modulus reached values between 10800 MPa and 10900 MPa.

It is recommended to calculate the Young’s modulus of neat OPC grout by applying a 

factor of ½ to the DIN EN 1992 formula (Equation 7-y).

Ecm,CEM I,grout*10-3 = ½ * 22 [fcm / 10]0.3

Equation 7-y

7.3.5 Splitting tensile strength

Principal question 4: What are the typical properties for splitting tensile strength?

According to DIN EN 1992 the average splitting tensile strength is a function of aver-

age cylindrical compressive strength. For strength classes larger than C50/60 the following 

relationship is provided in Table 3.1 of DIN EN 1992

fctm = 2.12·ln [1+ (fcm/10)]
Equation 7-z

with an upper and lower quantile of fctk,0,95=1.3*fctm and fctk,0,05=0.7*fctm respectively. 

A total of 21 samples were tested for measured splitting tensile strength as a function of 

measured compressive strength against the suggested function as provided above. All but 

one specimen out of 11 for the 20 °C series and all but three out of 10 for the 5 °C series fell 

within the expected range. Notably the standard deviation for samples stored at 5 °C was 

twice as high as for the those stored at 20 °C (s,5 = 1.2 MPa; s,20 = 0.6 MPa). Since the 

reference test temperature for DIN EN1992 is 20 °C it can be concluded from Table 7.3-b , 



158

that the tested specimens of the 20 °C subset fell within the suggested range of DIN EN 1992 

formula. 

fcm;20°C fcm;5°C
fctm;20°C; 

EN1992;calc.

fctm;5°C; 

EN1992,calc.
fctm;20°C fctk,0,05;20°C fctk,0,95;20°C fctm;5°C fctk,0,05;5°C fctk,0,95;5°C

69.0 66.9 4.38 4.32 3.59 2.81 4.56 4.17 2.54 5.86
Table 7.3-b expected and measure splitting tensile strength in MPa, average an quantile values for 20°C and 5°C

EN1992 Table 3.1 20°C subset 5°C subset

fctm/fctk,0,05 fctk,0,95/fctm fctm/fctk,0,05 fctk,0,95/fctm fctm/fctk,0,05 fctk,0,95/fctm

0.70 1.30 0.78 1.27 0.61 1.41

in range of EN1992 extend range of EN1992
Table 7.3-c Expected and tested range of splitting tensile strength

The limited number of reference tests at 20 °C fall within the range of DIN EN 1992,

however for connections cast and used underwater at low temperatures the formula for split-

ting tensile strength relationship to compressive strength could be adjusted to 

fctm = 2.04·ln [1+ (fcm/10)]
Equation 7-aa

with an upper and lower quantile of fctk,0,95 = 1.4 * fctm and fctk,0,05 = 0.6 * fctm respec-

tively or fctk,0,95 = fctm +1 MPa and fctk,0,05= fctm – 1 MPa. It should be noted that the statistical 

basis of 21 tests is relatively sparse to derive a new formula and based on the test results of 

this series no correlation could be derived. Overall, the values fall within bands of existing 

formula and for lower curing temperatures it can be summarised that standard deviation is 

almost double that of the test results for 20 °C, all for a relatively small set of data.
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Figure  7.3.5-a splitting tensile strength vs compr. strength and expected range acc. to EN 1992, specimens stored at 20 °C

Figure  7.3.5-b splitting tensile vs compr. strength, expected range acc. to modified DIN EN 1992, specimens stored 5 °C

7.3.6 Discrepancy between grout manufacturers

Principal question 5: Are there statistically significant differences detectable for the 

mixing by different grout contractors 

As described in section 7.2.3-a the choice of grout manufacturer influenced the data of 

compressive strength test results obtained in JIP GOAL. This might be due to varying grout-

ing procedure, mixing equipment used, mixing time, pump, hoses, outlets or staff experience 
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levels with offshore grouts or source material. The biggest difference is seen between labor-

atory prepared samples and industrial scale prepared grout. Conservatively the grout pre-

pared in the lab has consistently less strength, leading to conservative pre-test mix design.  

While for all conditions minimum requirements could be met, the variance highlights the 

potential to optimise mixing process control by implementation of at source direct measure-

ments of the grout mixing status. This may be subject to future investigations.

7.3.7 Conversion factors

Principal question 6: Are conversion factors for different cube sizes and cube to cylin-

ders applicable?

The chosen dimensions and form of the test cube specimen have a fundamental effect 

on the test results for two reasons: Firstly, a test specimen of smaller volume has a lower 

probability of imperfections within the material composition and, therefore an apparently 

higher strength is measured; secondly, during the test of the compressive strength of cubes 

the force is applied using steel plates causing friction and lateral strain leading to an inflated 

test result (Loch, 2014). Although this presumption was not confirmed by tests conducted in 

the early 1980s (Wimpey Laboratories, October1981).

It is assumed that underwater storage of the test specimen limits the effect of several 

variables influencing the deviation of the compressive strength. Overall smaller values are 

measured as compared to dry stored specimens because of the pore water pressure acting on 

the specimen (Loch, 2014). Therefore, wet storage for 7 days according to DIN EN 12390-

2 is recommended as the preferred storage method because it is closest to submerged condi-

tions.   The tests in JIP GOAL have been conducted primarily with cube specimens of 75

mm edge length and cylinder specimens of 100 mm diameter and 200 mm length, which

have been cured underwater until testing. The compressive strength values provided in DIN 

EN 206 (DIN206, 2017) are based on cube specimen of 150 mm edge length (formerly 200

mm) and cylinders of 150 mm diameter and 300 mm length. If specimens are stored in dry 

conditions the reduction factor of 0.95 applies. Conversion factors are specified in Table 

7.3-d.

a) Conversion of cube dimensions

If cubes of different dimensions are used DIN 1045 (DIN1045, Juli 1988) states that 

the ratio of compressive strength to the 200 mm (now 150 mm) edge length cube needs to 
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be proven for every composition, strength and age with at least 6 tests for every specimen. 

On the other hand, the determination of the standard conversion factor relies on Loch (Loch, 

2014) and Gehler (Gehler, 1933) who provided a conversion factor for cubes with 70 mm 

edge length to the 200 mm cubes of 1.25 which is consequently used as a conservative ap-

proximation. An interpolated value would be in the order of 1.22 with a factor of 1.05 com-

monly used for the conversion of 150 mm cubes to 200 mm cubes. Accordingly, the conver-

sion from 75 mm to 150 mm cubes would be 1.22 * 0.95 = 1.16 or cube150/cube75 = 0.86.

The conversion from 70 mm to 100 mm cubes, according to Gehler would yield a factor 

cube100/cube70 = 0.92, which agrees with the factor provided by Schmidt (Schmidt, et al., 

2013) for cube100/cube75 = 0.93.

Within JIP GOAL a limited number of compressive strength tests were executed on 4

No 75 mm, 5 No150 mm cubes and 6 No 40 mm*40 mm*160 mm prisms each after 24 h 

and 28 d of storage. These tests were executed on climate cabinet cured samples, which were 

stored at temperatures rising to 120°C during a 24 h period to mimic the actual measured

heat of hydration temperature development in full scale samples Fig. 6.2.8.  The mean 24 h, 

28 d compressive strength test of climate cabinet cured cubes, cylinders and prisms were 

evaluated as 

fc,75mm cube,climate,mean,24h   = 58.98 N/mm2 fc,75mm cube,climate,mean,28d    = 81.95 N/mm2

fc,150mm cube,climate,mean,24h  = 49.96 N/mm2 fc,150mm cube,climate,mean,28d  = 76.2 N/mm2

fc,prism,climate,mean,24h             = 46.52 N/mm2 fc,prism,climate,mean,28d         = 70.38 N/mm2

Accordingly, the conversion factors for 75 mm cubes/150 mm cube are 1.18 for 24 h 

strength and 1.075 for 28 d strength samples. The conversion of 75 mm cubes to 40 * 40 *

160 mm prism is 1.26 for 24 h strength and 1.16 for 28d strength samples.

Therefore, it can be concluded that application of conversion factors according to Geh-

ler (Gehler, 1933) or DIN 1045:1988 would be conservative, if strength is to be evaluated 

using 75 mm cubes and converted to 150 mm cubes to carry out design verifications accord-

ing to Eurocode or to verify design assumption conformity. However, given that such an 

approach would underestimate the strength by 7% it may be more appropriate to use con-

version factors determined by Schmidt (Schmidt, et al., 2013) confirmed in GOAL for the 

grout used in the design (1.07), i.e. conservatively rounded up to 1.12 for conversion of 

75mm cubes to 150 mm cube strength, to be in line with 1/0.89 = 1.12. If a design is carried 
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out to 150 mm characteristic cube strength the target characteristic 75 mm cube strength 

shall be at least 1.12 times the 150 mm strength.

a) Conversion of cylinder dimensions

According to (DNV-OS-C502, 2012) the scaling factor on strength values depends not 

on the actual dimensions but merely the height/diameter ratio provided the smallest dimen-

sion exceeds 40mm. Since the ratio of the test specimen equals the ratio of the standard

cylinders, the conversion factor can be assumed to 1 for small cylinders up to 100 mm. For 

larger cylinders a conversion factor of 1.04 is suggested by (Schmidt, et al., 2013).

b) Conversion of cylinder to cube specimen

The conversion of 75 mm cubes to 150/300 mm cylinders is of most practical rele-

vance. Since the standard offshore test cube is a 75 mm (3inch) cube. Testing of cylinders 

requires careful preparation of the test faces, while for cubes these are tested plain as cast. 

Therefore, cylinders are undesirable for offshore quality control operations. DIN EN 1045-

2008 (DIN1045, August 2008) states the conversion factor for the higher compressive 

strength classes to be 

푓��,����
푓��,���

= 1.18
      Equation 7-bb

Table 7.3-a depicts the test results of the cube specimen with the those of the cylinder 

specimen of the GOAL data. The fck,cyl value with an age at testing of 28 days compares to 

the corresponding cube specimen value fck, cube as follows

Fitted to Weibull distributions
푓��,������
푓��,��� ���

= 72
39.5 = 1.82

       Equation 7-cc

Empirical 5% quantiles
푓��,����
푓��,���

= 77.84
50.3 = 1.55

        Equation 7-dd

Including conversion factors and using mean values and conservatively setting
푘����.� = 1.0 yields:

푓��,������ ∗ 푘���/��
푓��,������ ∗ 푘����.�

= 87.6 ∗ 0.84
65.3 ∗ 1.00 = 1.126

Equation 7-ee
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Therefore, the conversion factor cylinder150/300/cube75 = 0.89 suggested in 7.3.2. and 

as stated in (Schmidt, et al., 2013) is validated by the JIP GOAL test data for mean values.

However, as also pointed out in 7.3.2, strength classification according to cylinder or cube

characteristic strength can lead to larger differences, owing to the very brittle nature of the 

neat grout material. This is also reflected in the standard deviation of the compressive 

strength test on cylinders being almost twice as high as the standard deviation for cube com-

pressive strength test, see Table 7.3-a, always considering that the data base considered here 

is relatively small. For use in confined situations such as grouted connections the use of the 

cube strength is justified as well validated by assembly tests. Where the material is used in 

unconfined situations it is recommended to use the cylinder strength.

c) Conversion of storage in submerged conditions to dry conditions

According to DIN 1045 (DIN1045, August 2008) storage of the grout specimen in dry 

conditions is standard in Germany. Standard storage requirements stipulate storage for 24h

in the mould under a waterproof membrane then 6 day water storage followed by 21days 

storage on a grid at 15 °C-22 °C protected from air draft (DIN12390-2:2001, 2009). In order 

to enable a comparison between specimens stored in dry and in submerged conditions, a 

conversion factor is specified of 푓�,����� = 0.95 푓�,��� for compressive strength class ≥ 

C50/60 (Loch, 2014). The reference samples for compressive strength testing in JIP GOAL 

were stored in water bath until the day of testing.

Conversion Conversion 
factor

GOAL data Literature Recom-
mended

cube150/cube75 : 150mm to 
75mm edge length

k150/75 푓��,�������
= 0.84 to 0.93푓��,������

푓��,�������
= 0.84 푓��,������

0.89 
Range:
0.84-0.93

Cube200/cube75 : 200mm to 
75mm edge length

k200/75 푓��,�������
= 0.87 푓��,������

푓��,�������
= 0.8 푓��,������

Cylinder150/300 /cylinder100/200: 
100mm to 150mm diameter
& 200mm to 300mm length

kcyl1.5 No direct data 푓���,��������
= 1.04 푓���,��������

1.04

Cube: 75mm to 150/300mm 
cylinder

k75/150cyl No direct data
푓��,����
= 1.12 푓��,���

1.12

Cylinder150/300 /cube75: 150mm 
diameter/300mm high cylinder
to cubes with 75mm edge length

kcyl150e/cube7

5

No direct data 푓���,��������
= 0.89 푓���� ����

0.89
use 0,64 in 
unconfined 
situations

Storage in water to dry condi-
tions

kdry/water No direct data 푓�,���
= 1.05 푓�,�����

Wet stor-
age

Table 7.3-d Conversion of alternate specimen dimensions and storage conditions (Schmidt, et al., 2013) (Loch, 2014)
(Wimpey Laboratories, October1981)
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Figure  7.3.7-a Boxplot* of compressive strength for cube and cylinder specimens tested at age of 28 days, 20°C 
storage temperature, Boxplot: point within box= mean; thick horizontal line = median ; end of the box = upper and lower 
quartiles; vertical line = highest to lowest value excluding outliers; individual points= outliers

7.3.8 Core samples and effects of heat of hydration

For grouted connections of pre-piled jackets with large annulus of 500 mm and con-

nections length of several metres, the large volume of neat cement is a concern for high heat 

of hydration development. In subsea conditions with surrounding temperatures of 4 - 8 °C 

depending on water depth and location this leads to a high temperature gradient. In order to 

investigate this, heat flow simulations were carried out based on published empirical data 

for Portland cement grouts. The simulation covered the first 24 hours assuming a typical 

heat of hydration of 2.8 W/kg for targeted water/cement ratios of w/c < 0.4 and temperature 

distributions within the specimen assuming one dimensional heat, i.e. ignoring the loss of 

heat through the top and bottom of the grout annulus and circumferentially (Figure 7.3.8a)

(Arup004, 2017).
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Figure 7.3.8-a Simulated temperature distribution through full scale box specimen (Arup004, 2017)

In order to evaluate the strength development under high temperature in the GOAL 

box specimen 1.06 under high curing temperatures 5 core samples were taken from the lower 

end of box specimen FSB 1.06. The average compressive strength of the 4 valid samples of 

80 mm dia by 80 mm high cores was fc,core,mean = 85.9 N/mm2 taken at 62 days of curing (or 

fc,core,mean = 82.5 N/mm2 if the fifth core is included which split along the vertical axis).

DNV OS-C502 provides conversion factors for various aspect ratios of cylinders. For 

an aspect ratio of 1 a scaling factor of 0.87 is applicable. Therefore the adjusted fc,core,mean, 

adjusted=0.87 * 82.5 = 74.7N/mm2 (respectively fc,core,mean, adjusted =71.8 N/mm2).

Table 7.3-e Scaling factor for drilled cores results (DNV-OS-C502, 2012)

The cylinder strength in the structure is obtained by multiplying the results from drilled 

cores with the appropriate scaling factor based on the height /diameter ratio of the test spec-

imen. The concrete is considered to satisfy the requirements for characteristic strength given 

in Table C1 and Table C2 of DNV OS C502 provided the characteristic value of the cylinder 

strength in the structure is at least 85% of the required characteristic strength for cylinders 

for assumed strength class shown (DNV-OS-C502, 2012). For concrete specimens that have 

gained at least the 28 days strength, the (equivalent) characteristic cylinder strength, fcck used 

in the design may be taken as

fcckt = 300 - 10 · (900 - 6 · fcckj)0.5

Equation 7-ff

fcckt = is the characteristic compressive cylinder strength at 28 days based on in-situ tests

Therefore, fcckt =300 - 10 · (900 - 6 · fcckj)0.5 = 87.4 N/mm2 (respectively fcckt = 83.4 N/mm2)
      Equation 7-gg

DNV OS C502 Table C3 Scaling factor for drilled cores results
Height/diameter ratio 2.00 1.75 1.50 1.25 1.10 1.00 0.75
Scaling factor on strength values 1.00 0.97 0.95 0.93 0.89 0.87 0.75
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The corresponding mean cube strength (58 days) of FSB 1.06 was fc,cube,mean,58d  = 91.4 

N/mm2, with age correction according to 7.3c Table 4.3.1 fc,cube,mean,62  = 92.9 N/mm2. Hence 

the ratio cube to adjusted cylinder strength is in the range of 1.06 to 1.29 (92.9/87.4 = 1.12 

or 92.9/71.8 = 1.29), which is in line with typical cube to cylinder strength assumed in DIN 

EN 206. This is a smaller ratio when compared to typical ratios measured on GOAL grout 

samples which were above 1.4 on mean results. This implies however that the high heat of 

hydration did not adversely affect the in-situ strength of the grout. This was later reconfirmed 

by heat cabinet cured cubes, which also reached 28d compressive strength above 80MPa. 

These factors are also in line with expectations deducted from 1982 Department of Energy 

UK Report MDST97/81 OTR 82 119 (Wimpey Laboratories, October1981). Recovery of 

grout from 2-inch grout lines from the decommissioned West Sole platform had made it then

possible to understand the relationship between cubes and cylinders, which triggered the 

investigation summarised in (Wimpey Laboratories, October1981). The results for compres-

sive strength derived from the GOAL tests are based on consistent sets of 27 cylinders and 

60 cubes, while the conversion factor in (Wimpey Laboratories, October1981) was only de-

ducted from a single point of cylinder strength at 28d to a sample size of 10 cubes.

It should be noted that the above is valid for the time frames considered, here a maxi-

mum of 60 days. Long term durability tests to investigate potential development of delayed 

ettringite or thaumasite formation were conducted on specimens in 4.4 %- Na2S04-Solution 

at 8 °C and 20 °C (Sulphate storage 30.000 mg S04/1). Further specimens were stored at 8°C 

and 20 °C in Ca(OH)2.. After 0, 1, 14, 28, 56 and 91-days mass and strain deviations were 

measured and the dynamic E-Modulus was tested. No adverse durability effects were ob-

served on the specimens stored in a heat cabinet during curing for the first 24 h simulating 

the high heat of hydration of up to 120°C and for the reference specimens cured at ambient 

temperatures of 20°C. In the tests carried out at AMPA a small reduction in E-modulus of 

10% was observed (AMPA5, 2020). It could be reasoned (Müllauer, 2013) that the low w/c 

ratio of < 0.4 and low pore volume may have a positive effect on the durability.

Figure 7.3.8-b Position of drilled cores from FSB 1.06
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7.3.9 Effect of slurry temperature on strength

Principal question 7:  Is the influence of ambient and slurry temperature significant?

Whilst a subset of data suggested a relationship of strength-development dependent on 

initial slurry temperature, a more detailed statistical analysis of the entire set of test data 

revealed a positive relationship for early strength development, as one might expect, and a 

weak negative dependency for 28d and 56d compressive strength. With increasing age the 

initial slurry temperature becomes less significant Figure 7.3.9-a.

Figure 7.3.9-a Age regression of initial slurry temperature vs compressive strength

Figure 7.3.9-b compressive strength vs slurry temperature for specimens stored at 5°C
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7.3.10 Conformity
According to DIN EN 206 it is mandatory to demonstrate the conformance of ordinary 

concrete with defined requirements. The requirement for the compressive strength test val-

ues is defined by the following criteria based on the characteristic value fck of the assumed 

population:

a) For every individual test value fci :

푓�� ≥ (푓�� − 4)푁/푚푚�
Equation 7-hh

b) For initial manufacturing with fcm being the mean of three test values:

푓�� ≥ (푓�� + 4)푁/푚푚�
Equation 7-ii

c) For continuous manufacturing the criterion considers the standard deviation σ of the 
last 35 test results

푓�� ≥ (푓�� + 1.48σ)N/푚푚�
Equation 7-jj

The GOAL’s test values all meet the criterion for the initial manufacturing and all but 

one value meet the criterion for individual test values. However, since the standard deviation 

for the entire JIP GOAL dataset is 6.9 N/mm2 applying the same criteria aggravates the 

conformity requirements for the material, nevertheless in JIP GOAL the criteria was met. 

For continuous manufacturing, the average compressive strength meets the criterion of equa-

tion 7-jj. However, this is a conservative view as subsets belonging to each manufacturer 

should be considered.

The identity test as detailed in appendix B of DIN EN 206 applies criteria analogue to 

individual and initial manufacturing criteria, thus, the same considerations apply.

During initial testing the compressive strength the mean of the test values fcm needs to 

exceed the characteristic value fck by an appropriate allowance which is set to be approxi-

mately double of the expected standard deviation. While the standard derives a value of 6 

N/mm2 to 12 N/mm2 for the allowance resulting in the following criteria

푓�� ≥ 푓�� + 12 N/푚푚�
Equation 7-kk

based on the standard deviation of 6.9 N/mm2 achieved by the JIP GOAL tests it is 

proposed to use 

푓��,���� ����� ≥ 푓��,���� ����� + 14 N/푚푚�

Equation 7-ll
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The above formula was suggested by the author in Stahlbau 87 (2018) (Bartminn, et 

al., 2018) and reflects the uncertainties associated with site operations. A smaller standard 

deviation of 4 MPa was achieved in the test series carried out the AMPA in Kassel (AMPA4, 

2019).

The conformity of the splitting tensile strength with the characteristic value fct,sp is 

confirmed when the following criteria for the average ftm,sp and individual value fti,sp are met:

a) Initial manufacturing with 3 test values: 

푓��,�� ≥ 푓��,�� + 0.5 푁/푚푚�

and      Equation 7-mm

푓��,�� ≥ 푓��,�� − 0.5 푁/푚푚�

     Equation 7-nn

b) Continuous manufacturing with at least 15 test values:

푓��,�� ≥ 푓��,�� + 1.48휎
and      Equation 7-oo

푓��,�� ≥ 푓��,�� − 0.5 푁/푚푚�

       Equation 7-pp

While the criteria for initial manufacturing and individual test values are met, the char-

acteristic value of 2.546 N/mm2 plus 1.48 times the standard deviation of 1.034 N/mm2

equals 4.08 N/mm2 which slightly exceeds the average of 3.86 N/mm2 for the 21 test values

of splitting tensile tests. The conformity requirements might have to be adapted to account 

for the high standard deviation of the splitting tensile strength of the GOAL material.  

Here it should be noted that the mean cube compressive strength in accordance with 

DIN EN ISO 19902 is calculated as

푓��,���� ≥ (푓�� + 1.64σ)N/푚푚� ;    n > 100 samples

Equation 7-qq

Hence the acceptance criteria in accordance with DIN EN ISO 19902 is slightly more strin-

gent, although for standard deviations of 8 MPa the difference would be only 1.28 MPa.
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7.3.11 Fatigue tests
A total of 11No. fatigue tests were carried out at three different load levels of 55%,

65% and 85% of the mean compressive strength, which were established on reference cyl-

inders. The minimum compressive strength was set at min = 0.05% of the mean compressive 

strength of the reference cylinders (100/200 mm). The non-reversing compressive swell load 

tests were performed on cylinders (100/200 mm) and run with up to 2 million load cycles at 

a test frequency of 0.5 Hz (AMPA5, 2020). The test specimens displayed for all load levels 

a brittle behaviour with spalling on the outer surface during the preloading or during the first 

load cycles. The spalling occurred in the form of shards with a thickness of up to 15 mm.  In 

particular, the specimens tested at the maximum loads of 85% and 65% showed a reduction 

in the cross-section of up to approximately 25% before failure.  

In comparison to the S/N curve of Model code 1990, it is apparent that at higher load 

levels results are scattered above and below expected values, due to the brittle nature of the 

material. The fatigue behaviour at assembly level i.e. in a confined situation is hence likely 

to perform much more in line with model code 1990, since the results scatter around the 

expected values. It should also be noted that at 65% of mean compressive strength the test 

load level is still higher than the associated characteristic compressive strength.

The brittle fracture behaviour could not be observed by testing of test specimens T2-

3/3 (0.55) and T3-3/3 (0.55). During the tests both specimens showed one or more vertical 

cracks along the longitudinal axis. However, these did not influence the performance of these 

test specimens despite the crack (AMPA5, 2020). The vertical cracks may be caused by heat 

flow toward the walls of the mould during curing.

Figure 7.3.11-a  Specimens T3-2/3, after fatigue testing (AMPA5, 2020)
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Table 7.3-f Results of compressive swell fatigue test on 100/200 cylinders (AMPA5, 2020)

Figure 7.3.11-b Results of compressive swell fatigue test on 100/200 cylinders in comparison to Model Code 1990
(AMPA5, 2020)
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7.3.12 Conclusion material testing
The material test programme presented in this work provides a statistically analysed 

data base to derive guidance for application of DIN EN 197, 206 and 1992. It has been 

demonstrated that neat seawater mixed OPC fulfils the underlying assumptions of DIN EN 

1990. For the key parameters in the design and verification methods referred to in chapter 

the following is concluded:

- the base assumptions of Annex D of DIN E 1990 that the material properties follow 

a standard normal or log-normal distribution, has been confirmed for compressive 

strength

- a relationship of Young’s modulus and compressive strength regarding statistical 

distribution has been established and is in line with previous work on this topic

- the relationship between compressive strength and splitting tensile strength as de-

scribed in DIN EN 1992 has been confirmed

The material is very densely packed but has characteristic hairline cracks and fissures. As 

expected, the material is more pliable, i.e. has a lower Young’s modulus than grout mortar 

or concrete and displays a wider plastic range. Nevertheless, neat grout has comparably 

higher compressive strength. However, in comparison to grout with aggregates the material 

offers hardly no post-peak stress resistance, which is reflected in the apparent very brittle 

and sometimes violent failure of test specimens and, a larger distribution and standard devi-

ation of compressive and tensile strength test results. Neither the high heat of hydration nor 

the mixing with seawater seem to have a significant negative effect on chemical composi-

tion, durability or mechanical material properties. Albeit the heat-treated samples displayed 

notionally lower values of Young’s modulus. The observations apply to the OPC CEM I, 

water cement ratios of 0.3 to 0.4 and seawater mix as characterized in chapter 6.1, with mix 

proportions typical for the North Sea. It has been pointed out that different source materials 

may produce results different from those presented here due to interaction of salt content 

and composition, fineness, particle size distribution, reactiveness, Na2Oeq, C3A content and 

composition of the cement. The results in general do not vary significantly with previous test 

series on this topic conducted on a range of similar cements produced in accordance with 

ASTM C150 or API Oilwell cement standards. Nevertheless, each project should carefully 

verify the specific source material composition and effect of equipment used by trial mixes 

reflected the intended material and equipment for the respective project or application. De-

pending on the intended use additional test may be required.
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In summary the following recommendations and conclusions have been derived, all 

applying to the source materials and conditions described in chapter 6.

1. Mixing with seawater appears unproblematic with regards to rheology, 

strength development and long-term durability.

2. The high heat of hydration has no significant deleterious effect on strength and 

chemical composition and durability; however, Young’s modulus may be re-

duced by 10%.

3. Heat simulations carried out with 2.8 W/kg agreed well with in-situ measure-

ments.

4. Compressive strength development over time is in line with predictions given 

in DIN EN 1992 ch 3.1.2.(6).

5. Compressive strength acceptance and conformity criteria have been derived 

(see 7.3.10) and adjustments have been recommended to reflect the more brittle 

nature of the material.

6. The Young’s modulus of neat OPC grout cements can be described by applying 

a factor of 0.5 to the formulas in DIN EN 1992.

7. Splitting tensile strength tested on 21 samples can be described by the relation-

ship provided in Table 3.1 of DIN EN 1992.

8. If connections are cast and used underwater at low temperatures, it is suggested 

that the formulas for splitting tensile strength to compressive strength relation-

ship within DIN EN 1992 could be adjusted to fctm = 2.04·ln [1+ (fcm/10)], and 

fctk,0,95 = 1.4*fctm and fctk,0,05 = 0.6*fctm, (see 7.3.5), however more work and 

larger data bases are required to verify guidance.

9. Recommendations for size conversion factors have been derived and literature 

values confirmed. see table 7.3-d.

10. If neat OPC is used in unconfined situations, care should be taken if the lower 

characteristic strength of cylinders due to brittle nature of the material may be 

relevant.

11. Initial slurry temperature had no effect on long term strength, short term 

strength was increased with rising slurry temperatures.

12. Guidance has been derived to describe the magnitude of shrinkage as 

βas(t) = 1 – 푒��,�∗√�   and εca,grout(∞) = 2,5 (fck – 10) *10-5

13. The thermal expansion coefficient has been derived as = 29.1 * 10-6 /°C
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14. Increasing mixing time from 3min to 5min can increase 28d compressive 

strength by approximate 10% for the tested w/c ratios and cement considered 

in this work.

15. Air content had no apparent influence on strength.

16. To limit transport of deleterious components it is recommended to aim for a 

permeability of P28d<12 Vol.% and after 90days P90d< 10 Vol.%

17. Whilst transport of unwanted reacting agents may be possible due to shrinkage

and temperature related microcracking and fatigue-initiated cracks, no delete-

rious effects on chemical composition could be observed.

18. Storage in NaCl and Na2SO4 solution showed good resistance against sulphate 

and chloride attack, with a reduction in dynamic Young’s Modulus of approx-

imately 2000 MPa and a maximum expansion of 0.357 mm/m, which may re-

sult in some expansive stress states, but is likely to be compensated by autog-

enous shrinkage.

19. Trial tests to verify effect of equipment and optimal mixing energy, mixing 

times and pump performance are essential. Particular where grout flow is im-

peded at the outlet of the stinger or manifold these conditions should be simu-

lated by realistic grout trails using seawater mix matching that of the in-situ 

location (if seawater is used as a mixing water).

20. Fatigue test performed on 100/200 mm cylinders compared on average well to 

Model Code 1990, when corrected for rogue specimens which failed at very 

low number of cycles, particular at higher loads levels. However, this demon-

strates the very brittle nature of the material, which may be compensated if 

ductility is provided by confinement of the connection.
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7.4 Results of large-scale test programme JIP GOAL

The results of the large-scale tests of the JIP GOAL testing programme and final re-

ports are summarized in the JIP GOAL final report (Arup005, 2019). The key findings can 

be summarized as follows. Overall, the tests support the existing understanding of grouted 

connection failure mechanisms, which is applicable also for large annuli seawater mixed 

neat OPC grouted connections. The JIP GOAL test data tie into the large database of previ-

ous work on grouted connections strength. Due to the specimen design, which is in line with 

the previous screening rules used to derive ISO 19902 guidance, the existing test data can 

be used as a statistical background. JIP GOAL collated 240 small annulus results and 7 large 

annulus results, three of which have been provided by GOAL. In total, there are 196 screened 

test results for small annuli connections with shear keys and 6 large annuli connections with 

shear keys. Each result’s performance is its measured strength normalised by the predicted 

strength according to equations given in (DIN EN ISO19902, 2007), see Fig.2.2. Ultimate 

strength derived using DIN EN ISO 19902 design rules was confirmed on three half scale 

tests, see chapter 7.4.2. Fatigue limit state test data derived from 10 half scale and one full 

scale cylindrical test fell largely within the scatter of existing data, see chapter 7.4.3. The 

effect of coexisting bending typically seen in pre-piled jackets did not have any detrimental 

effect on the fatigue performance. The existing guidance to derate ULS capacity for effects 

of early age cycling was confirmed by one test. One cyclical test conducted on an early age 

cycle specimen fell within the expected scatter (Arup005, 2019). Two tests were executed 

under submerged conditions, which fell within expected range considering an adjusted stress 

ratio of 80% to account for wet conditions as recommended by DNVGL. However, more 

tests are recommended to validate guidance for EAC and wet tests, and combinations of 

EAC specimens tested under wet conditions, with or without coexisting bending. It is from 

the literature review not clear if linear superposition of the effects of submerged and EAC 

conditions is valid (Arup006, 2014) (Arup005, 2019).

The results from all JIP GOAL box tests were screened out, since these did not reflect 

expected behaviour of confined cylindrical specimens, although fatigue results were plausi-

ble if adjusted for low ULS performance. Nevertheless, since the interest in design rules 

targeted concentric cylindrical questions the box specimens’ results were screened out. Fu-

ture test programmes should thoroughly validate box specimens against circular specimens 

if it is intended to use box specimens (Arup005, 2019).
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7.4.1 Crack and failure patterns
Crack patterns observed and the load deflection behaviour were in line with expecta-

tions. As specimens were designed with a h/s = 0.04, predominately crack patterns typical 

for interface shear failure were observed. Due to the specimen design, typical failure pat-

terns for both grout matrix failure and interface shear failure were observed. A new failure 

mechanism specific to large annulus geometry was revealed during the initial test phase, 

which resulted in a modified specimen design. The modified specimen design with reduced 

number of shear keys and resulting larger distance of first inner tube shear key to the grout 

surface, showed significantly better fatigue performance. 

Figure 7.4.1-a Typical pattern of interface shear failure observed on specimen 1.02 (Arup005, 2019)
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Figure 7.4.1-b Typical pattern of interface shear failure observed on specimen 1.02 after ULS test
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All specimens showed multiple planes of cracking. One box specimen, which was cast 

but not load tested, and opened after 87 days showed also fine traces of fault lines and hair-

line cracks associated with shrinkage.

Figure 7.4.1-c Hair cracks due to autogenous shrinkage of non-load tested box specimen

Figure 7.4.1-d Multiaxial cracking in specimen 1.02 after ULS test



179

Figure 7.4.1-e Typical crack pattern on outer tube of specimen 1.22 after FLS test

An end effect observed in specimens 1.03, 1.04 and 1.05 is displayed in Figure 7.4.1-f

and Figure 7.4.1-g . As the fatigue tests proceeded, an “end effect” towards the top surface 

of the grout became apparent. It was observed that the cyclic loading was breaking up the 

grout which was “pumped” progressively through the unconfined upper end of the connec-

tion.
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Figure 7.4.1-f Top surface bidirectional cracking end effect observed in here in specimen 1.04

During the compressive and tensile loading strokes, ‘struts’ form between the shear keys 

of the inner and outer tube at approximately 45° to the grout interfaces as shown in Figure

7.4.1-g. Due to the low Dg/tg ratio, the two top shear keys on the inner tube (for the tensile stroke) 

and the two top shear keys on the outer tube (for the compressive stroke) have no corresponding 

shear keys on the opposite surface to transmit load to (Arup003, 2017).

Figure 7.4.1-g  “pumping” of loose grout out of the connection (compression stroke-left , tension stroke right)
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Figure 7.4.1-h Reduced number of effective shear keys due to end effect (Arup003, 2017)

Thus, the grout is cracked bidirectionally locally and get pushed upwards, leading to a 

loss of confinement, which reduces the ability of the radial stress development - refer also bound-

ary conditions of Lame’s equations in section 8 (Silvano, 2010). In consequence, more load has 

to be transferred by the remaining active shear keys causing an increased stress ratio. The as-

sumed effective number of shear keys for each stroke is illustrated in Figure 7.4.1-h. The fixity 

of the annulus plate on its outer diameter at the base of the connection effectively provides an 

additional shear key under compressive loading. Once the upper two shear keys were removed 

and specimens retested (ID 1.01.;1.22 to 1.25; 2.02;2.03;3.01;3.02), load behaviour observed 

was in line with existing design rules of ISO 19902 (Arup003, 2017) (Arup005, 2019). Accord-

ingly detailing shall ensure, that towards the unconfined end of the connection the load trans-

fer at the inner tube is limited in the zone, which is in depth at least equal to the width of the 

annulus. It is recommended that:

- shear keys on the outer steel must be placed at a distance at least (0.5 x s) from the 

top of the connection 

- shear keys on the inner steel must be placed (2.5 * s) from the top of the connection, 

but no less than 1.5 * tg 

- additionally, it may be beneficial to provide reinforcement extending from the up-

per end of the outer tube into the top zone of the grout 

- and/or the top shear key free zone of the inner tube is lined with an elastic material 



182

Tests on the influence of shear key arrangement conducted by Aboubakr also revealed 

a lesser capacity for connections which had shear key concentration at the ends of the con-

nection or in the middle (Aboubakr, 2020). Furthermore it is noteworthy that the specimens 

tested under wet conditions displayed a rough grout surface towards the top end. This is 

thought to be attributed to the presence of water which may have facilitated the transport of 

grout material washed out from underneath the shear keys, where the grout disintegrates due 

to high local compressive stress. In general, although based on merely two tests, when these 

are compared to the respective dry subset, the reduction in performance is consistent with

the 0.8 factor applied to the stress ratio on the S-N curve suggested by DNVGL.

Figure 7.4.1-i Test specimen 1.05 (wet FLS) displaying rougher grout surface towards top end of connections
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7.4.2 Large scale static strength test (ULS)
The large-scale tests of the JIP GOAL testing programme support the existing under-

standing of grouted connection failure mechanisms, which now can be linked to the large 

database of previous work on grouted connections strength. The large annuli sample set has 

a marginally lower mean (2% difference) and significantly lower standard deviation (80% 

lower) compared to the small annuli population. The statistical tests take into account the 

size of the sample sets to give a bounded estimate on the true (population) mean and standard 

deviation. The tests show the large annuli population has a similar mean and smaller variance 

compared to the small annuli population. Therefore, it is reasonable to assume the large an-

nuli and small annuli are both part of the same population (Arup005, 2019).

The three large scale ULS test performed showed a ductile behaviour for post ultimate 

loads as shown in Figure 7.4.2 (Arup005, 2019) (Bartminn, et al., 2018). Test 2.02 was sub-

ject to early age cyclical movement of +/-1.5mm amplitude, equals to approximately the 

upper limit of the validity range of the DIN EN ISO 19902 reduction formula, which is valid 

from 0.035% to 0.35% amplitude axial movement of Dp. According to the reduction formula 

Equation 5-c a reduction factor of 0.72 applied to ID 2.02. Hence the specimen ID 2.03 failed 

at a load equal to 87% of the predicted failure of 5.38MN. 

Figure 7.4.2-a  static force displacement plots from GOAL, results as a ratio of tested vs predicted ISO mean static strength
(Arup005, 2019)

F
or

ce
/ p

re
d.

 s
ta

ti
c

(m
ea

n 
ca

pa
ci

ty
)



184

The figure demonstrates that the behaviour is very similar for all three specimens, with 

deflection across the connections at peak load of around 15 mm. Beyond the peak load re-

sistance the specimens were unloaded and reloaded again, there was no significant change

in resistance on reloading, indicative of a ductile failure mechanism. The measured strength 

is, in all three cases, in reasonable agreement with the ISO mean prediction. Post-test inspec-

tion of the specimens revealed clearly cavities in the grout behind the loaded face of shear 

keys at the internal interface consistent with ‘interface shear failure’. Other specimens 

showed signs of grout matrix failure overlapping with interface shear failure, which is due 

to the fact that shear key spacing of the specimens was chosen to be at a value where both 

failure mechanisms have similar strength. While code guidance indicated grout matrix fail-

ure controlled the failure mechanism, the ULS failures in the GOAL test programme were 

highly ductile and, on inspection, there was clearly some evidence of classical interface fail-

ure (cavities behind the shear keys). In view of this, it should be kept in mind that the strength 

equations primarily represent a good fit to physical data of global response and in reality

there is not a binary transition between two failure mechanisms at a particular point

(Bartminn, et al., 2018) (Arup005, 2019).

To test existing guidance, the results of GOAL were plotted with the data base of ex-

isting tests, assuming a power law for grout strength. Figure 7.4.2-b is a log-log plot against 

fcu. The gradient of the trendline is therefore the index of the power relationship i.e. if

log(y)=mlog(x), y=xm. The trendline shows the existing power law of 0.5 for fcu is suitable, 

and the GOAL samples are well conditioned to this relationship (Arup005, 2019). It can be 

seen from Figure 7.4.2-b that the design equations perform well when compared to large 

scale tests.

Figure 7.4.2-b Historic GOAL results and grout matrix equation for fcu (Arup005, 2019)
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Figure 7.4.2-c Historic GOAL results and grout matrix equation for h/s (Arup005, 2019)

In the figures above static strength performance is defined as the ratio of the tested 

failure load over the predicted mean strength of DIN EN ISO 19902 as described in 

(Billington & Chetwood, 2012).

7.4.3 Large scale fatigue strength test (FLS)
The test programme of JIP GOAL added data from 8No unique test specimens with 

large annulus to an existing data base of 39No unique specimens, out of which 26No did not 

have shear keys. All of the box tests and one wet test of GOAL were screened out, hence the 

seven additional tests specimens added 17 data points, including runners and retests, to a 

comparative set of 13No test specimens with a total of 43 data points including runners and 

retests, albeit those had Dg/t ratios >10 (22 to 31) and h/s ranging from 0.007 to 0.063 (GOAL

h/s=0.04). The predicted mean strength according to DIN EN ISO 19902, applied test load 

levels, tested cycles, age at testing, mean fcu and expected test cycles and load amplitudes as 

per design intent document are presented in Table 7.4-a FLS test data produced during JIP 

GOAL (Arup005, 2019).

Including runners and re-tests of runners at higher stress ratio is not unusual practice 

to create more data points during large scale testing. The general convention is also to in-

clude runners as conservative points if they fall in the linear range in log-log space. If they 

relate to the threshold regime of endurance they may not be included on the same basis. 

However, this presents some statistical challenges regarding the treatment of runners in re-
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gression analysis. Often the most conservative approach is to consider each S-N combina-

tion as a conservative data point even if failure has not occurred or the specimen has been 

subject to previous loading (Schneider & Maddox, 2003). Alternatively, using a representa-

tive S-N curve, the damage (no of cycles) at one stress level can be converted based on 

Miner’s rule to an equivalent number of cycles at the higher stress level and added to the 

additional cycles applied at that stress. If tests involve multiple stages it is usual to accumu-

late subtest damage at the most damaging stress level (Billington & Bolt, 2018). 

Another important consideration when comparing the GOAL data to prior data sets, 

which formed the basis of deriving fatigue guidance is the question of non-dimensionaliza-

tion of applied fatigue stresses. Fatigue data points are typically plotted with number of cy-

cles (N) on the x-axis and applied stress ratio on the y-axis. To determine the stress ratio a 

convention should be agreed whether to non-dimensionalise applied loads with respect to 

the lesser of interface shear or grout matrix failure mode predictions, (as would be consid-

ered in design) or whether to take the capacity equations from explicit mean equations from 

background documents related to the codes and standards or use characteristic design equa-

tions (which may incorporate some rounding) with a suitable multiplier (e.g. 1.5) to represent 

mean strength. Bearing in mind that the interface shear failure mode is generally more 

closely associated with fatigue degradation.

Table 7.4-a FLS test data produced during JIP GOAL (Arup005, 2019)
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To be consistent with the derivation of DIN EN ISO 19902 guidance and to avoid 

double conservatism in derivation of the data regression, it is reasoned to 

- normalise applied stresses to interface shear strength only

- consider m = 18 in line with derivation of ISO guidance (this would correspond to  

Eg = 11600 MPa and represent stiffness of cracked grout rather than Young’s mod-

ulus determined from uncracked reference cylinders)

- use characteristic design equations with a suitable multiplier of 1.5 to represent 

mean strength rather than use of mean equations (sensitivity analysis has shown 

that the difference in choice is not significant)

For regression analysis of two-dimensional data, usually the y axis represents the variable 

and the x-axis represents the non-variable parameter. In fatigue testing of grouted connec-

tions, it can be argued however, that a regression analysis with regards to log(N) resulting 

from applied stresses is a more meaningful representation than regression analysis with re-

gards to log(S) (Billington & Bolt, 2018). Strictly speaking both parameters are variables 

and two-dimensional regression analysis would be mathematically appropriate. Design rules 

derived by authorities to date, however, are not always based on pure mathematical regres-

sion analysis but rather on lower bound best fit curve to capture tested data points.

Figure 7.4.3-a GOAL data and ISO background data presented as ratio to minimum of interface shear or grout matrix failure
m =Es/Eg=18, adjusted to mean excluding runners and proposed design curve (mean-2SD)
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Figure 7.4.3-b data as above with Hannover wet test of high strength gout and all wet test adjusted by 0.8 factor on reference 
stress as suggested by DNVGL guidance

ISO background data and GOAL data are depicted in Figure 7.4.3-a with a logarithmic 

regression analysis in the form of 

                                                    Log S = -0.0017-0.109 * Log N            Equation 7-rr

and the design curve with a margin of two times standard deviation (Billington & Bolt, 2018)

Log S = -0.254-0.109 * Log N

Equation 7-ss

Since the GOAL project added only one data point subject to submerged testing, four 

additional data points were added by including data from tests of high strength grout with 

fcu > 140MPa, which were conducted at the University of Hannover. The Hannover test spec-

imens were designed with a h/s = 0.06 and Dg/tg of 4.2 and 9.5. As reported by (Raba, 2018)

specimen W1 sustained load at R = -1 with a n amplitude of 1 MN for 200000 cycles, but 

was deemed as failed with relative displacement of only u = 4mm, specimens W2 and W3 

were cycled up to u = 25 mm and W4 up to u = 22 mm (Raba, 2018). In Figure 7.4.3-b all 

wet test data points were plotted against reference stress adjusted by factor of 0.8 as sug-

gested by DNVGL guidance. It appears that the factor 0.8 for submerged tests captures the 

data points well, despite the substantiation of this factor based on number of test results being

relatively weak.
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7.4.4 Hysteresis plots and dissipated energy
The question of predictable cycles to failure is of high interest for owners operating 

structures subject to cyclical loads. Accordingly, hysteresis plots and dissipated energy 

curves were analysed to establish if early warning criteria can be deduced.

   
Figure 7.4.4-a load displacement plots for full scale specimen 1.01 and half scale combined loading specimen 3.02, each 
for initial 50 and final 50 cycles before onset of rapid increase of displacement

From the exemplary hysteresis plots shown in Figure 7.4.4-a displaying the full scale axially 

loaded specimen 1.01 and half scale specimen 3.02 subject to combined axial load with co-

existing bending moment, it can be seen that respective steep loops display a near linear-

elastic behaviour. The plastic portion of the deformation is reversed near zero loads. Even 

towards the final cycles, some 50 to 100 cycles from failure, the hysteresis area is rather 

narrow.  Overall, the shapes of the curves are comparable to those seen in other grouted 

connections tests (refer to Fig 5.7.b). The hysteresis loops of the final 50-100 cycles widen 

significantly and resemble Fig 5.7a. – compare Fig 7.4.4b.

It is also observed that there is no pronounced convex curvature of the load-displacement 

curve, which is akin to steep slopes observed by Holzapfel on neat cement grout cylinders

(Holzapfel, 1970) and less convex than curves reported by Bode for grout mortars (Bode, et 
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al., 2019). Therefore, the OPC grouted specimen behave, particular in the operating ranges 

before failure, like the neat grout samples tested by Holzapfel see Fig 4.9c. Curvatures as 

seen in concrete or grout mortar sample tests are observed towards the final stages indicating 

the onset of failure.

Figure 7.4.4-b load displacement plots for specimen 1.01 & 3.02, final cycles to failure

An attempt was made to compare the behaviour half scale specimens subject to differ-

ent load regimes. The dissipated energy is the area of stabilized hysteresis cycle as an integral 

function (Bode, et al., 2019).

훷(푥) = � 휎(푥, 푡)휀(푥, 푡)푑푡̇
�����

Equation 7-tt

훷����������(푥) = � 퐹(푥, 푡)
퐹���,�����

∗ 휕(푥, 푡)
휕���,����������

Equation 7-uu

The dissipated energy was normalized for each test by dividing the applied force F(t) 

by the maximum force achieved in the corresponding cycle and dividing the displacement 

휕(푥, 푡) by the maximum displacement reached in this cycle (Equation 7-uu).  A relatively 

constant normalized value was reached for comparable load levels, here for loads of up to 

2.9MN a normalized value of 0.35-0.4. This value appears to indicate a damage threshold, 

remarkably this value is also of significance for the specimen 1.04 which failed much earlier 

than originally anticipated due to end effects.

The specimens 3.01 and 3.02 behave similarly and also start to fail once the threshold 

of 0.35 is breached. For the full-scale sample the threshold value is at approximately 0.2. 

The factor of 0.5 can be explained if the normalized threshold energy of the larger specimen 
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is adjusted for the ratio of available relative volume to relative contact surface. Interestingly 

the corresponding value for the wet samples is almost twice the value with a threshold of 

approximately 0.7. More numerical simulation would be needed to determine if the dissi-

pated energy can be used as a predictive parameter to in field failure prognosis. 

Figure 7.4.4-c Normalized dissipated energy for half scale samples tested dry ID (1.04, 1.23, 1.24)

Figure 7.4.4-d Normalized dissipated energy for half scale samples tested with coexisting bending (ID3.01;3,02)
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Figure 7.4.4-e Normalized dissipated energy for half scale samples tested under wet conditions

Dissipated energy analysis may offer a threshold indicator for infield failure predic-

tion; however, this would require in-situ load displacement monitoring, which doesn’t ap-

pear to be a practical avenue for now.

7.4.5 Post failure strength 
Within the test programme of JIP GOAL the post fatigue static strength was investi-

gated on two specimens. Specimen ID 1.24 had not reached the specified termination criteria

after the fourth load increase to +/-5MN. The specimen was loaded to 6.25 MN equal to 75% 

of reference strength, when the test was aborted before reaching the machine maximum load 

capacity of 6.3MN without reaching the prescribed ULS failure criteria. The test was aborted 

at a relative displacement of only 12mm. This corresponds to a post fatigue strength >75% 

ULS mean capacity, which is in line with tests by VERITEC described in section 5.11.

Test specimen 1.01 was tested for static strength after the specimen had reached max-

imum displacement of 12mm when at the maximum fatigue load level of +/-14.5MN an 

increase in relative displacement was associated with a drop in sustained force and hence the 

specimen was deemed as failed (KIT03, 2017). Following the fatigue test a full static tensile 

test was applied to the failed specimen and the associated load hysteresis was plotted as 

shown in Figure 7.4.5-a. The specimen could still resist a load of 6.5 MN, equal to 21% 

predicted mean strength or 36% of characteristic design resistance. Again, this corresponds 

well with the post failure static strength test conducted within the BP JIP.
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On the reversing load path however, a rapid decrease in strength to 2 MN (approxi-

mately 10% of ULS capacity) with a much softer response is observable.

Figure 7.4.5-a Post failure load displace behaviour of specimen 1.01

Post failure strength of specimens tested for ULS strength was also investigated in 

tests with ultra-high strength grout at University of Kassel by Aboubakr, where 3 specimens 

were subjected to reversed loading after failure. A residual capacity of around 20% was 

reported (Aboubakr, 2020). This confirms that also for large annulus connections, a remark-

able post failure strength capacity is available and in line with observations of previous tests. 

The failure behaviour of OPC connections can be described as very ductile, with the follow-

ing key observations:

 failure of fatigue tested specimens is described at the load level at which re-

peated load cannot be sustained associated by a rapid increase in displacement.

 maximum sustainable fatigue displacement may reach 10% of pile diameter

 post fatigue static strength of undamaged specimens may exceed 75% of static 

mean strength

 post failure static strength of damaged specimens may exceed 20% of static 

mean strength
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7.4.6 Conclusion large scale testing

The large-scale testing on large annulus seawater mixed grouted connections has con-

firmed the validity range of DIN EN ISO 19902 and answered key questions

1. ISO 19902 Design guidance for ULS can be extended to Dg/tg ratios of 4.25.

2. The high heat of hydration has no significant deleterious effect on the short-

term strength and behaviour of grouted connections using OPC.

3. Failure behaviour at ULS is very ductile.

4. FLS failure statistics of the large annulus grouted connection data are 

similar to the small annulus grouted connection database.

5. End effects are a significant failure mode for large annulus grouted connections 

but can be designed out, using appropriate detailing rules.

6. Coexisting moments resulting in associated bending stress to axial stress ratios

< 2.0 do not affect the global integrity of large annulus grouted connections.

7. The existing DNVGL approach for adjusting fatigue damage to account for 

load cycles which do not fully reverse is appropriate.

8. DNVGL reduction factor of 0.8 captures the global capacity reduction of 

grouted connections tested under wet conditions subject to cyclical loads, albeit 

the data base is small.

9. Post failure residual strength of fatigue tested specimens is considerable, un-

failed fatigue tested specimens could reach >75%ULS strength, failed speci-

mens still reach some 36% of ULS capacity.  
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8 Analytical structural stress model

8.1.1 Theory of yield failure surfaces
The failure mode of a material under multiaxial stresses can be described as the rela-

tionship between maximum principal stresses and maximum shear stresses, which a material 

can sustain before yielding or failing. Several different theories have been developed since 

the 18th century to capture various typical material behaviours for isotropic, anisotropic, 

granular and cohesive materials with and without allowance of plastic deformation. The most 

relevant models for cementitious materials, concrete and neat grout are the Mohr Coulomb 

yield surface and the Drucker Prager model (Aloulou 1989, Lowes 1999) (Fehling, et al., 

2013).

The Mohr Coulomb yield criterion is commonly used to describe the behaviour of granular 

materials as a relationship between shear strength and applied normal stress.

In its two-dimensional form it is expressed as 

휏 =  휎 tan(휙) + 푐      

Equation 8-a

with  denoting the shear stress,  is the principal normal stress and c the cohesion.

Figure 8.1.1-a Mohr Coulomb stress circle

The cohesion is equal to the failure shear stress  at zero normal stress. The internal angle of 

friction  and c are material constants.  As a function of material parameters c and  and 

stress invariants I1, J2) the Mohr Coulomb criteria is expressed as

푓(퐼�, 퐽�, 휃) = 1
3 퐼� sin 휑 + �퐽� sin �휃 + 휋

3� + �퐽�

√3
cos �휃 + 휋

3� ∗ sin 휑 − 푐 ∗ cos 휑

             Equation 8-b
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with 

I1 = Invariant of the Cauchy stress tensor = 1 
+2 

+3         

Equation 8-c

J2 = 1/6 [(1 -2)2 + (2-3)2 + (3 –3)2]      

Equation 8-d

(Lowes, 1999)

For a cylindrical structure, and a cylindrical coordinate system the principal stresses are the 

radial, hoop and longitudinal stresses. For cohesionless materials without any friction at the 

confining surfaces the angle  becomes 90° and the Mohr Coulomb criterion reduces to the 

Rankine theory. Whilst contrary to the Tresca or von Mises yield criteria, the Mohr Coulomb 

theory allows for materials with different values of compressive strength and tensile strength, 

it doesn’t represent the material behaviour of concrete or grout very well, as it does not 

capture the actual failure envelope, which is influenced by the plasticity of the material under 

certain limit stresses. This is captured though by the Drucker Prager model.

Figure 8.1.1-b Drucker Prager Yield surface

The Drucker Prager criterion has the form  �퐽� + 푏 퐼� + 푦 = 0.      

Equation 8-e

The material constants have to be determined in experimental tests and depend on the 

prevailing stress state, for biaxial stress state Kupfer et al. (Kupfer, et al., 1969) and Yin 

(Yin, et al., 1989) propose = 0.1 while for triaxial stress state, Imran and Pantazopoulou 

(Pantazopoulou & Bonacci, April 1994) propose = 0.1 according to (Lowes, 1999). These 

equations however do not capture the load history and represent predictions of the observed 
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uniaxial compressive strength under multi axial stresses. Some researchers have developed 

this theory further to capture the plasticity and dilatancy of concrete material. Lowes for 

instance summarizes the work of various researchers in detail. According to the work by

Chen and Han (Chen & Han, 1988) the yield surface at a maximum load is well described 

for example by the yield surface as stated by Ottosen (Ottosen, 1977), who proposed that 

concrete can be described with a modified Drucker Prager model as follows

푓(퐼�, 퐽�, 휃) = a퐽� + 휆�퐽� + 푏퐼� − 1 = 0
Equation 8-f

with 

Θ = 1
3 cos�� �3√3

2
퐽�

퐽�
� ��

�

Equation 8-g

휆 = �
푘� cos �1

3 cos��(푘� cos 3Θ)� 푓표푟 cos 3Θ ≥ 0

푘� cos �휋
3 − 1

3 cos��(−푘� cos 3Θ)� 푓표푟 cos 3Θ < 0

Equation 8-h

the Willam-Warnke yield criterion can be expressed as 

푓 ≔ �퐽� + 휆(퐽�, 퐽�) �퐼�
3 − 퐵� = 0

Equation 8-i

or as originally expressed with c as the yield stress in uniaxial compression

푓 ≔ 1
3푧

퐼�
휎�

+ �2
5

1
푟(Θ)

�퐽�
휎�

− 1 ≤ 0

Equation 8-j

The map of the yield surface according to Chen and Han (Chen & Han, 1988) displays a 

downward sloping branch after peak loading has been reached, which is similar to the char-

acteristics of the typical load displacement curve of the static load test of confined circular 

grout connection as tested in JIP GOAL. Although it should be noted that Figure 8.1.1-c
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displays the relationship between the square root of second invariant stress tensor as a func-

tion of the first invariant of the stress tensor and the plots in Figure 8.1.1-d display a stress 

strain relationship.

Figure 8.1.1-c Yield surfaces proposed by Chen and Han (Chen & Han, 1988)

Figure 8.1.1-d Stress strain behaviour of plain concrete modelled by Lowe and results from GOAL ULS tests, with ULS 
capacity defined as ISO predicted mean strength

The Drucker Prager model has been further modified in order allow for material plasticity 

and rate dependency as well as load history. For the purpose of numerical modelling, Lowes 

(Lowes, 1999) showed the constitutive concrete material model replicated well the behav-

iour und loading typically seen in seismic response of bridge connections.

While it is apparent that the Drucker Prager model maps the yield surface under any hydro-

static stress state, a non- associated flow rule is needed to capture non-linear volume change 
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rate of concrete, which experiences negative strain and creep at low load levels and dilatancy 

at higher load levels. The formula proposed by Chen and Han for the plastic strain 휺̇풑 is

휺̇풑 =  �
��gqwith gq= kI1 + J2

Equation 8-k

with 

훼(푘) = 훼� + 훼� − 훼�
푘� − 푘�

(푘 − 푘�)
Equation 8-l

1, 2 are material parameters, k maps between the initial yield surface (ky) and the yield 

surface at maximum load (kf) (Lowes, 1999).

For the purpose of calibrating existing design formulations of DIN EN ISO 19902 and ap-

plicability of these formulae within the framework of DIN EN 1992 verifications, it is now 

important to compare the stress strain behaviour of neat grout material samples to that of 

plain concrete behaviour underlying to the design rules of DIN EN 1992, which are well 

calibrated by various researchers through testing and numerical modelling. This comparison 

has been described in section 4.7. In chapter 6 and chapter 7 the conformity and necessary 

adjustments to DIN EN 1992 formula and assumptions were investigated. It was shown that 

neat OPC grout meets in principle the underlying assumptions for key material properties as 

described for concrete in DIN EN 1992 regarding statistical distribution or may be fitted 

with modification factors to the corresponding parameters of concrete. Some minor modifi-

cations need to be considered with regards to acceptance criteria of compressive strength 

tests and standard deviation of splitting tensile tests. The relationship of Young’s modulus 

to compressive strength was established in chapter 7 and is in line with work of previous 

research. The strain at maximum compressive stress max denoted as εc1 in Table 3.1 DIN 

EN 1992 could not be established for the neat samples in this work, however previous studies 

would suggest a value between 5 ‰ and 10 ‰. This value would need to be confirmed in 

future for further and advanced FE modelling and would need to be calibrated against the 

stress strain curves of GOAL ULS tests. Furthermore, for analytical design methods it is 

required to understand and model the internal stress state in a grouted connection comprising 

concentric cylinders connected with a grout matrix, which is derived in section 8.2.

Numerical calibration within this work has shown that the following parameters and factors 

of safety agree well with limiting stresses in DIN EN ISO 19902 derived from large scale 

test when the Drucker Prager equation according to Ottosen is modified (refer to chapter 9).
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푓(퐼�, 퐽�, 휃) = a퐽� + 휆�퐽� + 푏퐼� − 1 = 0
         Equation 8-m

= (푎퐽� + 푙�퐽� + 푏퐼� − 1)
1,33 ∗ 1,2 ∗ 1,15 ∗ 1,15 ∗ 1,2 ∗ 1,2 ∗ (2 + (퐷�/푡�)/45)^2) ∗ (1 + 1/푓��)

with          Equation 8-n

a= -0.00065-0,002/(Dg/tg) 2-0.0001*40/fcu

b= 0.16/(1+((Dg/tg) /45)2)+0.01*fcu/40

k1=0.2/(2+(Dg/tg) /45)2)

k2=1

FOS= 1.33*1.2*1.15*1.15*1.2*1.2*(2+(Dg/tg) /45)2*(1+1/ fcu)

 according to Equation 8-o 

 = �
푘� cos �1

3 cos��(푘� cos 3)� 푓표푟 cos 3 ≥ 0

푘� cos �휋
3 − 1

3 cos��(−푘� cos 3)� 푓표푟 cos 3 ≤ 0

Equation 8-o

The factor of safety is composed from the following elements to account for various uncer-

tainties. The approach follows the factors proposed by Billington and Lewis described by 

Aritenang (Aritenang, 1989).

1.33: allowance for the difference between the characteristic and mean values 

1.20: allowance for the effect of cyclic loading during grouting and curing 

1.15: allowance for the effect of incomplete grouting 

1.15: allowance for the effect of intermixing with seawater 

1.20: allowance for any difference in results between grout cubes prepared onshore and off-

shore 

1.20: allowance for co-existent shear and moment 

Dg/tg = 6-9: allowance for grout thickness variation

In order to apply shear strength design rules of DIN EN 1992 the stress state within the 

interference fit assembly of grouted connections must be described.
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8.1.2 Stress calculation of interference fit connections
The internal stress state of grouted connections assembled with concentric cylinders 

can be derived from first principles following the equations of stress theory for thick-walled 

cylinders. The interface boundary conditions can then be interpreted as an interference fit 

problem akin to autofrettage or shrink fit barrels known from mechanical engineering appli-

cations such as drive shaft or gun barrels. The load transfer in grouted cylindrical connec-

tions is aided by shear beads or relies on surface irregularities and has been described by 

Aritenang (Aritenang, 1989), Seele (Sele, 1992), Lotsberg (Lotsberg, 2013).

In order to estimate internal stresses inside the grout, the connection can be viewed as an 

interference fit connection, in which surface undulations and shear keys define the interfer-

ence between contacting surfaces. Whilst in contrast to a force fit or thermal fit connection 

as known for drive shafts, the grouted connection is largely stress free in the unloaded as 

cast situation, neglecting stresses from autogenous shrinkage. The surfaces of the grout in-

terfere with the irregularly shaped steel surface and the shear keys. As the axial force and 

resulting displacements are applied to the assembly, the grout matrix is pushed collinear to 

the surface of the cylinder wall, causing the irregularities to act as forced surface interfer-

ence.

The mathematical formulae for interference fit assemblies are often referred to the 

work of French mathematician Gabriel Lame and hence referenced as Lame’s equations.

The derivation can be found in various structural mechanical textbooks and compilations of 

mathematical formulas such as (Erdélyi, et al., 1955) or Silvano (Silvano, 2010).

The principles of deriving the stress in a grouted connection by analytical means are 

described as follows (Labossiere, 2007). First a thick-walled cylinder without any pressure 

at the ends is considered, but with external pressure Po and internal pressures Pi, at the inner 

radius ri and outer radius ro.

Figure 8.1.2-a Definition of radii and pressure variables for stress derivation on cylinders (Labossiere, 2007)
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With cylindrical coordinates x, y, r, the inner radius of the elementary volume is ri

and the external radius is r+dr with dr assumed as infinitesimal increments. The stresses σθ

and σr are functions of r only 

Figure 8.1.2-b Definition of radii and pressure variables for stress derivation on cylinders (Labossiere, 2007)

With σr + d and σr = radial stress applied on the external and internal surface, and σθ

describing the circumferential stress. Also, in a force equilibrium due to circular symmetry 

there is no shear stress on the element, therefore xr = r= x= 

It follows that 

(σr+d σr)* (r +dr)d= σr*rd  + σ*ddr    

Equation 8-p

And ignoring second order terms 

                                            
���
�� +  �� ��� 

� = 0                                                       


Equation 8-q

With Hooke’s Law

r = 
��
�� =  �

� (휎� − 푣휎�) and         = 
�
� =  �

� (휎�− 휎�)             

Equation 8-r

solved for radial and tangential stress r and E and ν as the Young’s modulus and pois-

son’s ratio respectively and assuming radial displacement u only as a function of r, biaxial 

symmetry and constant thickness, axial symmetric loads and substituted in Equation 8-p

Lame’s stress equations for a single cylinder is derived.
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휎� = ��
���������

������
� − (�����)��

����

��(������
�)     휎� = ��

���������
������

� + (�����)��
����

��(������
�)

          Equation 8-s

In pressure fit or interference fit assemblies of pistons and cylinders, the pressure at the in-

terfaces between the assemblies is calculated by iteratively equating the radial distortion of 

the outer face of the inner cylinder to the displacement of the inner surface of the outer 

cylinder to achieve an equal resulting radius rm at the interface and by calculating associated 

stresses.

As Silvano (Silvano, 2010) pointed out for the closed analytical solution there are two mod-

els possible, model 1 assumes that the external cylinder is replaced by the external pressure 

acting on the inner cylinder, while in model 2 the effect of the inner cylinder is replaced by 

pressure applied to the inner surface of the outer cylinder. This model however is only valid 

to calculate resulting interface pressure but not applicable to Lame’s equations as the missing 

stiffening effect of the inner cylinder would lead to erroneous stress calculations. This is also 

pointed out by Qiu (Qiu & Zhou, 2016).  However, the assembly of a grouted connection 

subjected to axial loading is an assembly of three cylinders inner pipe, grout layer and outer 

pipe. For this Tri-layer problem Qiu (Qiu & Zhou, 2016) propose three possible algorithms, 

for assembly from inside to the outside, assembly from outside to the inside and a holistic 

approach without consideration of the assembly order based on superposition. The assembly 

order for a grouted connection is in contrast to mechanical assemblies somewhat arbitrary, 

since the interference between the interface is achieved by a stress-free casting process. The 

internal stress state and actual interference state is invoked by relative axial displacement of 

the cylinders.

With consideration of the remarks by Silvano (Silvano, 2010) that model 1 is more appro-

priate to stress calculation, in this work for further calculations the holistic analysis with 

superposition and assembly from outside to the inside is considered. This takes into account 

the analysis by Qiu & Zhou that for the calculation method for assembly from inside to the 

outside the pressures at the inner interface is underestimated. While the algorithm for assem-

bly method from outside to the inside underestimates the contact pressure at the outer contact 

pair grout to outer pipe, which is typically less critical for the design of grouted connections.  

Also, the numerical calculations carried out by Silvano (Silvano, 2010) and by Qiu &Zhou

(Qiu & Zhou, 2016) point out that analytical error compared to numerical FEM calculation 

is in the order of a few percent or fractions thereof. Considering the variability in strength 

and stiffness of grout material particularly once cracked, it can be assumed that the chosen 

method satisfies demands of modelling accuracy for practical applications. Possibly any of 
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the of sequential methods proposed by Qiu &Zhou (Qiu & Zhou, 2016) would also fall 

within the range scatter but may be non-conservative.

Now an assembly of three cylinders assembled from the outside to the inside is considered

with E1, 1 = E3, 3 Young’s modulus and Poisson’s ratio of the steel inner and outer pipe 

and E2, 2 Young’s modulus and Poisson’s ratio of the grout. The contact surface between 

outer pipe and grout is denoted as i and the contact surface of the inner pipe and grout is 

denoted as ii.

Denominating the interference or shear key height with i the contact pressure for an assem-

bly of inner tube (pin pile/sleeve) and grout annulus can be calculated accordingly (Qiu & 

Zhou, 2016). The local deformation of the grout due to crushing should be considered in i,

as function contact stress and grout compressive strength.

푝� = 훿�

푟�( 푟�
�(−1 + 푣�)

퐸�(−푟�
� + 푟�

�) + 푟�
�(1 + 푣�)

퐸�(푟�
� − 푟�

�) − 푟�
�(−1 + 푣�)

퐸�(푟�
� − 푟�

�) + 푟�
�(1 + 푣�)

퐸�(푟�
� − 푟�

�))

          Equation 8-t

With i = r1,inf - r2,sup = interference between surfaces = here, shear key height  

r1,inf = minimum radius of outer cylinder < r2,sup = maximum radius of inner cylinder 

Figure 8.1.2-c Superposition principle of tri‐layer thick‐walled cylinders (Qiu & Zhou, 2016)

푝�� =

훿� + 훿� + −2푟�푟�
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퐸�(−푟�
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퐸�(푟�
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퐸�(푟�
� − 푟�

�) + 푟��
� (1 + 푣�)

퐸�(푟�
� − 푟�
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푟�( 푟�
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� − 푟�
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Equation 8-u

T = interference due to temperature difference (here neglected)

In lieu of equation 8-v and with satisfactory accuracy pii can be calculated corresponding to 

equation 8-u with equation 8-w and setting ii equal to the shear key height with an allowance 

for the internal stress at the inner cylinder as follows.

푝�� = 훿��

푟�( 푟�
�(−1 + 푣�)

퐸�(−푟�
� + 푟�

�) + 푟�
�(1 + 푣�)

퐸�(푟�
� − 푟�

�) − 푟�
�(−1 + 푣�)

퐸�(푟�
� − 푟�

�) + 푟�
�(1 + 푣�)

퐸�(푟�
� − 푟�

�))

Equation 8-v

With ii = h + ur

h = shear key height and   푢�, = ������ ���

��(��
����

�)        Equation 8-w

The stresses in the grout i.e. the medium cylinder, are calculated according to the stress 

equations as 

휎�,������ = 푝��푟�
� − 푝�푟�

�

푟�
� − 푟�

� + 푟�
�푟�

�(푝� − 푝��)
푟�(푟�

� − 푟�
�)

Equation 8-x

휎�,������ = 푝��푟�
� − 푝�푟�

�

푟�
� − 푟�

� − 푟�
�푟�

�(푝� − 푝��)
푟�(푟�

� − 푟�
�)

Equation 8-y

휎�,������ = 0
휏��,������ = 0

Applying the above formula to typical geometries of grouted connections with varying 

inner leg diameter and two typical Dg/tg ratios, as displayed in Fig. 8.1.2d+e, shows the 

strong influence of scale of the innertube diameter on developing radial stress. Fig.8.1.2g+h

show that the relative contribution of plain pipe capacity on the connection strength as cal-

culated in accordance with DIN EN ISO 19902 and the underlying test data is displayed in 

Fig. 8.1.2h. Adjusted design curve proposed by DNVGL to account for observed slippage 

of monopiles are displayed in Fig 8.1.2-i. It should be noted though that the scale effect is 

captured by the design formula only on the interface shear strength check, which is in line 
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with theoretical stress considerations, as surface irregularities and shear keys, which can be 

interpreted as contact surface interference. As derived above these irregularities develop ra-

dial stresses, which enhance shear resistance, up to the upper limit often referred to as face 

shear limit. The grout matrix strength limit captures the yield surface as derived by the 

Drucker Prager model. Contrary to DNV J101 and DNVGL 126, the ISO formulae capture 

the scale effect only up to inner tube diameter of 1000 mm. From the underlying stress cal-

culations by first principles, it is apparent though that the scale effect must also be considered

for larger diameters, and careful consideration shall be paid towards interdependence of var-

ious geometrical limits, as no test data exist for diameters larger than 2500 mm.

It is shown in Figure 8.1.2-e+f that the influence of loss of interference due to shrinkage can 

have a significant impact on the development of radial stresses. A shrinkage parameter of 

1.1mm/m as derived in chapter 6.2.4 was applied in these examples. The effect of shrinkage, 

as a function of grout annulus thickness, is more significant in relative terms for large diam-

eters and must be taken into account in design if the shrinkage or grout thickness is greater 

than the parameters tested in GOAL. Alternatively, shrinkage compensating agents or ex-

pansive grouts may be used.

Figure 8.1.2-d Radial stress development vs cylinder diameter for constant surface interference 1.0 mm
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Figure 8.1.2-e Radial stress development vs cylinder diameter for two surface interference of 8 mm without 
(red) and with shrinkage (blue) Dg/tg = 4.25

Figure  8.1.2-f Radial stress development vs cylinder diameter for two surface interference of 8 mm without 
(red) and with shrinkage (blue) Dg/tg = 10
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Figure 8.1.2-g relative contribution of plain pipe capacity calculated acc. to DIN EN ISO 19902 (Billington & 
Bolt, 2018)

Figure 8.1.2-h underlying test data and DIN EN ISO 19902 CP scale factor  (Billington & Bolt, 2018)
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Figure 8.1.2-i underlying test data and DNV proposed CP scale factor based on surface interference d=0.07 mm, 
d = delta = Di,grout min - Do,pile, max (Lotsberg, 2018) (with pile = inner tube)

Figure 8.1.2-j Linear relationship radial stress vs shear key height for constant diameter
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9 Design resistance

9.1.1 Static design resistance
Firstly, it can be stated that the DIN EN ISO 19902 design rules for static strength have 

been validated by a large database of large-scale tests. The design rules also have been val-

idated by three further data points for Dg/tg ratios produced by JIP GOAL (Arup005, 2019). 

The logarithmic regression analysis displayed in Figure 7.4.2-b and Figure 7.4.2-c agree well 

with DIN EN ISO strength equation within expected scatter and for the large annuli tests.

Specific failure mechanisms as uncovered during the initial JIP GOAL test phase can be 

explained by end effects causing loss of constraint, which invalidate applicability of Lame’s 

equations for those conditions.

To test and verify applicability of DIN EN 1992 design rules the calculated limiting 

stresses are compared with the validated DIN EN ISO 19902 design rules for 35 different 

parameter combinations. The required verifications in accordance with DIN EN 1992 are 

considered as stipulated in clause 6.2.2 of DIN EN 1992 with the procedure and parameters 

as delineated hereinafter. For members which do not require shear reinforcement, the mini-

mum shear resistance VRd,c as stated in clause 6.2b of  DIN EN 1992 is indeed equal to the 

resistance as calculated according to clause 6.2a, if the reinforcement ratio  is set to 0%. 

Hence the shear resistance of an unreinforced concrete member is

VRd,c = ( min + k1 cp) * bw*d

         Equation 9-a

with 

min = 0.035 * k* fck
1/2 (min = 0,0375* k1.5* fck

1/2 acc. to DIN EN 1992/NA) 
            Equation 9-b

cp = NEd/Ac < 0,2 fcd      

           Equation 9-c

Now, cp is set equal to the radial stress component. The upper limit of cp, set to 0.2 

fcd within DIN EN 1992, is to be revaluated for the confined situation of the assembled

grouted connections.

Bellamy (Bellamy, 1961) conducted a test series using hollow cylinders subjected to 

axial load and confining stress. Based on the test results he suggested the following relation-

ship, 

fcc = fcu + 3 * f3

   Equation 9-d
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Further tests conducted by Barley (Barley, 1997) on grouted tendons using OPC grout mix 

with unconfined compressive strength of fcu = 40-70 N/mm2, reported a confined strength of 

up to 450 N/mm2. The data tabulated by Barley shows for OPC grouts with fcu = 42 up to fcu

= 56 N/mm2 a direct bearing stress failure at 3.75 to 6.6 times the unconfined compressive 

strength. This is in line with work by Kupfer (Kupfer, et al., 1969) and Yin (Yin, et al., 

1989), as compiled by Lowes (Lowes, 1999), which revealed that even at low confining 

pressure an increase of up to 2.5 fc can be observed. Hence the upper of limit of 0.2 * fcd is 

adjusted with   Equation 9-d to

  cp = NEd/Ac =cp = min (r; 0.2*(fcd+3*r)

Equation 9-e

Figure 9.1.1-a Comparison of the direct bearing capacity of fully confined grout samples with standard unconfined com-
pressive strength data (Barley, 1997)
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Figure 9.1.1-b Biaxial compressive yield surface for concrete with low confining pressure (Data compiled by Lowes 
(Lowes, 1999) from Kupfer et al., Yin et al. and Van Mier)

Interface shear strength and plain pipe capacity

The plain pipe capacity for a typical OPC grout with fck = 60 N/mm2 is calculated as min =  

0.035 * k1.5* fck
1/2= 0.45 N/mm2, which is approximately equivalent to 75-80% of the plain 

capacity calculated in accordance with ISO 19902. According to DIN EN 1992 NA it is 

recommended to use min = 0.0375/c * k1.5* fck
1/2; for most parameter combinations this 

leads to a better match with the ISO 19902 formula. It is proposed to apply the formula of 

NA Germany, with

k = 1 + �(200 푑⁄ ) ≤ 2,0 with d [mm]

Equation 9-f

In this parameter study d = member depth in direction of shear force, is set to 1000mm to 

derive values for a unit length of 1m and match the majority of the underlying ISO test data 

base. DIN EN 1992 NA recommends k1 = 0.12 instead of k1 = 0.15 as recommended in DIN 

EN 1992. In the parameter studies k1 was modified to k1 = 0.12 + Eg/10^6 < 0.15

Furthermore, it is here proposed to limit the shear resistance stress rd,c to the bond strength 

at the steel surface, akin to the grout matrix strength.

rd,c = min+ k1*cp< fbd ; (cp acc. Equation 9-e)

Equation 9-g
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Grout Matrix strength

The second governing strength criteria is the grout matrix failure resistance (refer to 

chapter 5.2. DIN EN 1992), which in turn limits the pull-out bond strength of reinforcement

bars to an upper limit. Although similar mechanical equations apply to the theory of bond 

strength of reinforcement bars as to the behaviour of grouted connections, the verification 

rule of clause 8.4.2 in DIN EN 1992 can only serve as an indication since there is a consid-

erable difference in the intended scale. Nevertheless, it is the closest clause for limiting the 

grout matrix strength. The upper limit is set to 3.95 N/mm2, because fctk,0.05 is limited to the 

value corresponding to C60/75, i.e. fctk,0.05 < 3.1 N/mm2. Similar to the shear strength, also 

the bond strength is enhanced by coexisting radial stress. This is now considered by the 5

value from Table 8.2 in DIN EN 1992.

5 = 1 – 0.04 p (with p = p) and 0.7 ≤ 5 ≤ 1.0

Equation 9-h

Sensitivity studies of this work have shown that limiting the lower bound of 5 to 0.8 

will narrow the deviation of tested to predicted data, while lowering to lower limit 5 to 

0.625 will lead to a better representation of the characteristic predicted strength in relation 

to the underlying test data base. It is also worth noting that the relative rib area fr is equal to 

the h/s shear key height to spacing ratio. For standard reinforcement bars fr ranges between 

0.039 and 0.056 which relates well to optimum h/s ratios of 0.04 (DIN 488-2).

fbd = 2.25 ⋅ 1 ⋅ 2 ⋅ fctd * (1/5)

Equation 9-i

with

fctd = αct ⋅ fctk;0.05 / γc

Equation 9-j

γc  = 1.5

αct = 0.85 (DIN EN 1992-1-1/NA recommends for determination of bond strength       

αct = 1.0, for unreinforced elements DIN EN 1992-1-1, section 12 recommends αct,pl = 

0.7,  however a parameter study has shown that the limit of 0.85 yields better results, 

as recommended in DIN EN 1992-1-1)
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Example:

For an exemplary OPC material as used in JIP GOAL it follows:

fcm = 65 N/mm2 see Table 7.3-a

(fcm may also be estimated as fcu,75*0.89+12 N/mm2)
fctm = 2.04·ln [1+ (fcm/10)] see Equation 7-aa

fctm = 4.11 N/mm2

fctk,0,05=0.6*fctm = 0.6*4.11 N/mm2 = 2.466 N/mm2

fctd = αct ⋅ fctk;0.05 / γc = 0.85 * 1.644 N/mm2 = 1.397 N/mm2

Equation 9-k

with 
1 = 1.0 (a value of 0.7 is suggested if “good” bond property cannot be guaranteed) 
2 = 1.0 (this factor is intended for larger bars in DIN EN 1992, but here set to 1.0)

5 = 1.0 (if no radial stresses acting)

Hence it follows an upper stress limit of 

fbd = 2.25 ⋅ 1 ⋅ 2 ⋅ fctd = 3.14 N/mm2

Equation 9-l

and if for early age cycling effects, one sets a limit of 1 = 0.7 

fbd,EAC = 2.25 ⋅ 1 ⋅ 2 ⋅ fctd = 0.7 *3.14 N/mm2 = 2.20 N/mm2

Equation 9-m

These values are significantly lower than the grout matrix strength derived from DIN 

EN ISO 19902 formula and strength as observed in the GOAL tests, where applied ULS 

stresses corrected for safety factors were calculated to 4.6 N/mm2  and 2.73 N/mm2 for EAC 

respectively. However, once the bond limit strength is adjusted by a factor 1/5 to account 

for coexisting radial stresses, with 5 = 0.7 for maximum coexisting radial stresses, the re-

sulting limits are calculated to 4.49 N/mm2 and 3.14 N/mm2 for EAC respectively, which 

match well to the GOAL values above. In any case the DIN EN 1992 formulae for bond 

strength were derived for much smaller diameter bars than for diameters involved in grouted 

connections. Nevertheless, results of the formulae match surprisingly well to those of ISO 

formulae for a range of parameters. Accordingly, the limit on bond strength can only serve 

as a first guide, it is suggested to compare results to those of DIN EN ISO 19902 grout matrix 

strength formula in a parameter study.

Hence VRd is calculated with cp = min (r; 0.2*(fcd+3*r)), Equation 8-y,          Equa-

tion 9-a to Equation 9-g. In a parameter study for various typical grouted connection geom-

etries and grout material properties, the results are compared to the limiting design equations 
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of DIN EN ISO 19902. The results are displayed in Fig 9.1.1-c to Fig 9.1.1-f. Further pa-

rameter examples are presented in the appendix. The maximum delta between the ISO for-

mulation and the EN based approach described above and measured for a h/s = 0.04, is gen-

erally below 25%, with a single value of 30%. The latter being associated with a pile diam-

eter of 6000 mm and shear key spacing larger than 300 mm. Out of the 35 parameter varia-

tions the delta is below 15% for 26 examples and below 10% for 22 examples. Four examples 

are above 20% deviation. Comparing various design scenarios to the limiting Drucker-

Prager yield surface, as derived in chapter 8.1.1. with the numerical adjusted parameters,

shows generally reasonable agreement with the design shear resistance equations calculated 

in accordance with DIN EN ISO 19902 design limit and DIN EN 1992 shear resistance cal-

culated with radial stresses derived from interference fit analogy over a range of typical ge-

ometrical design parameters as demonstrated Fig 9.1.1c to Fig 9.1.1.f. and in further exam-

ples attached in appendix A.

Figure 9.1.1-c interface shear strength vs shear key height ratio for 1500mm Dg/tg, = 4,21 Ec = 1600 MPa and fcu=40 MPa 
acc. to DIN ISO 19902 and DIN EN 1992 
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Figure 9.1.1-d interface shear strength vs shear key height ratio for Ds =3000mm 

Figure 9.1.1-e interface shear strength vs shear key height ration for 1500mm and Dg/tg =10 for various  Ec and fcu acc. to 
DIN ISO 19902 and DIN EN 1992
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Figure 9.1.1-f interface shear strength vs shear key height ration for D = 1500mm and Dg/tg =10 for various  Ec and fcu acc. 
to DIN ISO 19902 and DIN EN 1992

Figure 9.1.1-g Histogram results of parameter study; Deviation between DIN EN 1992 and ISO 19902 @h/s = 0.04

Overall, it can be concluded that the design of grouted connections using stress calcu-

lations of confined circular tube assemblies, using an interference fit analogy and shear re-

sistance equations of DIN EN 1992 yields results closely matching those of DIN EN ISO 

19902, particularly when considering the scatter of the underlying test data (see Fig 2.1a) 

and the inherent factor of safety for the ISO design rules, which has been stated to be in the 

order of 6.0. The largest deviations result generally from applied bond limits of DIN EN 

1992, which was derived for different scales. This approach yields good agreement with 

design formulae stipulated by DIN EN ISO 19902, which have been verified by over 200 
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large scale tests and more than 30 years in-situ performance in oil & gas offshore structures

and ten years in service experience with offshore wind turbine jackets. Accordingly, a save 

design of offshore grouted connections can be executed using design rules of DIN EN 1990, 

family of standards. In turn a design carried out in accordance with DIN EN ISO 19902 

satisfies the reliability criteria underlying DIN EN 1990 family of standards.

9.1.2 Review of safety factor concept 

Simplified Approach

The partial safety factor concept described in chapter 3 demands application of load 

factors and partial resistance factor. A partial resistance factor of R,g = 2.0 has to be applied 

on the interface transfer strength, as stipulated by DIN EN ISO 19902 cl. 15.1.5.1. The partial 

factor of 2.0 on the characteristic strength equations corresponds to a partial safety factor of 

3.0 on the mean strength of the tested specimens. The factor was derived by a simple FORM 

(First Order Reliability Method) analysis by the technical committee of ISO 19902 

TC67/SC7/WG3 (Harwood, 1995). The calculation assumed a targetsafety index of 3.8

for a 20-year return period. The quality of the formula was tested by a monte carlo analysis 

varying input the factor by 50% and 150%. The coefficient of variance derived from the data 

base of 187 test was increased by 50%, recognizing that the underlying test data already had 

some natural variability. Harwood suggested that in future a lower factor based on a partial 

factor of 2.5 on mean strength could be justified (Harwood, 1995).  

Whilst the Eurocode formulae already contain partial resistance factors on the material 

strength, the connection strength should be assessed based on the system behaviour. In ac-

cordance with cl. 6.3.5. (4) of DIN EN 1990, as a simplified approach it is proposed to apply 

the same partial safety factor for the system strength of the connection of global = 2.0, because

the target reliability of DIN EN 1990 is also stipulated as  = 3.8. The global factor accounts 

for various influence parameters such as varying L/D ratios, manufacturing tolerance of the 

steel, surface conditions of subsea connections due to marine fouling and insufficient re-

moval thereof, the initial hairline cracking in the grout due to thermal gradients from high 

heat of hydration, variance in shear key geometry and other influences arising from offshore 

operation. 

It should also be noted here that there is a marginal difference between DIN ISO 19902 

and DIN EN 206 with regards to acceptance criteria of compressive strength test results of 

the grout and hence the implied 95% quantile characteristic material compressive strength. 
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In accordance with DIN EN ISO 19902 the mean cube strength is calculated from test data

and should be greater than either

푓cm ≥ (fcu +1.64 √ (0.86 + √2/n) for 10 < n < 100 

or Equation 9-n

푓cm ≥ (fcu +1.64   for n > 100

Equation 9-o

while DIN EN 206 requires

푓cm ≥ (푓ck+1.48 휎) N/mm2 for n > 15

Equation 9-p

For the standard deviations observed in the various grout campaigns covered in this 

work the difference between the two requirements for fcm would only result in a difference 

of 0.6 to 1.3 N/mm2, for a compressive strength of fcu = 60 N/mm2.

Furthermore, it should be noted that the current German standard for Structures for 

wind turbines and platforms DIN 18088-1 (Basic principles and actions) refers to DIN EN 

61400-3 with regards to actions, whilst said DIN 61400-3 refers to ISO 19901, which in turn 

is referenced by DIN EN ISO 19902 with regards to relevant design actions. Hence calibrat-

ing the DIN EN 1992 to the existing underlying data base and aligning the partial safety 

factor for system strength will yield a coherent reliability level. In summary it can be con-

cluded that designs following to the procedure described in 9.1.1 and applying a partial factor 

of safety for the system behaviour will yield designs in accordance with stipulated reliability 

levels of DIN EN 1990.

Detailed derivation of safety factor and verification based on test data

According to Annex D of DIN E 1990 design values can be derived by statistical meth-

ods. This approach has been followed, in order to calibrate the theoretical derived equations 

directly to the test data and review the simplified approach; the calculations are attached in 

appendix B of this work. This complements the parameter study described before, which in 

turn provides a better way to examine the design equations over a range of parameter com-

binations. The general equation for deriving a design resistance value is given in DIN EN 

1990 clause 6.3.3 (equation 9-q). The characteristic strength reflecting the system behaviour 

of a grouted connection, is influenced by many variables Xk. It is described by the function 

rk (Xk).
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푋� = �
푋�(�)

γ�
Equation 9-q

In accordance with DIN EN 1990 appendix D 8.2 procedure a), first the experimentally 

derived resistance is plotted against the resistance predicted by characteristic design equation 

as described 9.1.1. Data outliers are screened out to arrive at a consistent data set symmetri-

cally arranged around the diagonal of the data plot. Outliers are related to cube sizes of 100

mm, tests without shear keys and h/s ratios < 0.02. (The screening is in line with current 

practice which recommends designing connections with h/s ratios of ~0.04.) The character-

istic design equation is then adjusted to achieve a mean trend line close to the 45° diagonal 

of the plot and to minimise the deviation of data pairs from the mean. Adjusting the lower 

bound of 5 to 0.8 narrows the deviation of tested to predicted data, but in turn this lower 

bound for 5 requires a global adjustment factor br to achieve a 45° plot. Lowering the lower 

limit of 5 to 0.625 in turn, provides a good approximation to the diagonal, without further 

adjustment required to align the trendline to an inclination of 45° (Fig. 9.1.2a +b). 

Figure 9.1.2-a theoretical resistance acc.to chapter 9.1.1 vs tested resistance; 5=0.625
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Figure 9.1.2-b theoretical resistance acc.to ch.9.1.1 vs tested resistance; 5=0.8

For the two functions the statistical analysis in accordance with DIN EN 1990 Appen-

dix D.8 is carried out using characteristic statistical data, mean values and standard devia-

tions derived in the test programmes described in this work (refer appendix B). The charac-

teristic resistance rk can then be described as 

rk = b * gR(Xm) exp(- k∞ rt * Qrt -kn  *  Q – 0,5 * Q2)

Equation 9-r

with gR(Xm) = characteristic function as described in 9.1.1 (with c =1.0)

and Rk,global = characteristic global adjustment factor

Rk,global = b * exp(- k∞ rt * Qrt -kn  *  Q – 0,5 * Q2) = 0.587

Equation 9-s

y = 1,735x - 1,9226
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Figure 9.1.2-c tested vs predicted characteristic design interface transfer strength

Figure 9.1.2-d tested vs predicted ULS design interface transfer strength
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In Fig. 9.1.2c +d the ratio of tested vs predicted strength is plotted versus the log of 

the cube strength fcu, both for characteristic and ULS equations of DIN EN ISO 19902 and 

DIN EN 1992. A detailed calibration has demonstrated that the simplified approach de-

scribed above, of applying the same global resistance factor of DIN EN ISO 19902 to the 

DIN EN 1992 equations, would lead to conservative designs. The design equations derived 

from first principles and established design rules from DIN EN 1992, calibrated by statistical 

methods of DIN EN 1990 Appendix D, yield good agreement with the empirically validated 

design equation of DIN EN ISO 19902. Equations of both standards will yield similar de-

signs, although for examined test data base parameters the DIN EN ISO 19902 equations 

appear to provide less scatter.

According to DIN EN 1992 all structures designed with partial resistance factors of cl.

2.4 of DIN EN 1992 and load factors of DIN EN 1990 fulfil the requirements of the re-

sistance class RC2. With c,d= 1.5 applied, all test results would have a capacity of on average 

2.4 times and as a minimum 1.15 times the predicted ULS strength, without a further system 

safety factor. However, according to recommendation of cl. 6.3.5 (4) the resistance of an 

assembly is described by 

푅� = 1
훾�,�

푅 ��푋�,�;�푋�,�(���)
훾�,�
γ�,�

; 푎��

Equation 9-t

Hence a factor reflecting the system behaviour and various uncertainties of the model 

is recommended. A proposal for an economical design, particular for wind turbine support 

structures, which are not permanently manned, would be to apply M,1 = global = 1.15 in 

combination with c =1.5; Rk,global = 0.587; cc=0.85; ct=0.85 and 5=0.625 as shown in 

Figure 9.1.2-e. The figure displays the ratio of tested interface transfer strength versus pre-

dicted values with the combination of safety factors as described above applied. This com-

bination would yield a minimum safety margin of 1.34 (tested/predicted) with an average 

safety margin of 2.79 and a maximum of 4.11. The lowest three results relate to either a very 

low compressive strength or h/s < 0.03, all other test data points would imply a safety margin 

larger than 1.6. If test results with fcu < 25 MPa are also screened out the lowest safety margin 

rises to 1.9. Similar and slightly more economical results are achieved for a combination 

without a global system safety factor but reducing ct to 0.7 as suggested by DIN EN 1992-

1-1/NA for unreinforced concrete (alternative global = 1.0 in combination with c =1.5; 

cc=0.85; ct=0.7; 5=0.625). For both proposed combinations of safety factors, the upper 

bound of the ISO mean data 95% fractile (of the relevant data set) would be below the lower 
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bound of the 95% percentile of the tested/predicted strength ratio calculated with proposed 

equations for the data set population. Finally, a comparison of average and minimum safety 

margins using the simplified approach with detailed approach showed, that the simplified 

approach would be on average 10% more conservative.

Figure 9.1.2-e tested vs predicted ULS design interface transfer strength as function of log (fcu) 

Figure 9.1.2-f tested vs predicted ULS design interface transfer strength as function of shear key spacing
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Figure 9.1.2-g tested vs predicted ULS design interface transfer strength as function of Dg/tg

Figure 9.1.2-h tested vs predicted ULS design interface transfer strength as function of Dg
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Seawater mixed OPC connections can be embedded into the hierarchy of standards of 

DIN EN 1990 and DIN EN 1992. All base variables and dependant variables fulfil the un-

derlying assumptions of DIN EN 1990 and DIN EN 1992, where appropriate recommenda-

tions for adjustments have been provided. This has been demonstrated by a statistical vali-

dation exercise using the test data base underlying ISO 19902 guidelines, consisting of over 

200 large scale tests, supplemented by large scale tests on large annuli connections produced 

by JIP GOAL and a material test programme described in this work. For project specific 

assessment it is recommended to use relevant subsets of the underlying test data base in order 

to achieve economical design. 

The detailed approach in accordance with DIN 1990 and DIN EN 1992 provides the 

designer the opportunity to explore effects of various input variables beyond those captured 

in DIN EN ISO 19902 equations. For example, effects of excessive shrinkage, use of expan-

sive materials or different shear key arrangement on inner and outer tubes can be examined. 

However, such assessments should be accompanied by detailed finite element simulations

and testing.

9.1.3 Fatigue design resistance
It has been demonstrated in chapter 7.4.2 that the fatigue resistance of grouted connec-

tions follows a logarithmic function when normalized and non-dimensionalized to normalise 

the applied stress with respect to each specimen’s expected (mean) static strength capacity. 

Correction factors to the capacity of early age cycled specimens or connections subject to 

submerged loading may apply, (chapter 7.4.3) (Arup005, 2019). Since the expected mean 

capacity of connections subject to fatigue loading is linked to ULS design resistance formu-

lae, which in turn have been linked by first principle stress analogy to the verification con-

cept of DIN EN 1992, it can be concluded that applying Equation 7-ss for the fatigue design 

of grouted connections will return a safe design. This view is strengthened by the material 

specimen tests with cyclical compressive load on 100/200 cylinders (chapter 7.3.11). For 

load levels below fck/c all test results were above the predicted values of model code 2010. 

For load ratios above the design strength, results were above and below the model code 

prediction, owing to the brittle nature of the material in unconfined situations. However, 

since a material factor is applied for static strength ULS design, the test results for higher 

load ratios are less relevant for practical design considerations. Further tests on specimen 

level in saturated conditions and at lower load ratios with and without confinement would 

be required to complete the understanding of the link between material and system behaviour 
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for fatigue loads, especially under submerged conditions. Nevertheless, the existing data at 

system level enables a design which is linked to the validated static strength of the system.

The resulting proposed verification formula has a two times standard deviation safety 

margin, which is in line with reliability levels of DIN EN 1992. Applying a safety factor of 

0.8 to account for submerged conditions appears to yield results consistent with predicted 

resistance levels, although the data base is relatively small. Further tests, particular for com-

binations of early age effects and submerged testing are desirable. The recommended fatigue 

design equations derived in chapter 7.4.3 is:

Log S = -0.254-0.109 * Log N

         Equation 9-u
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10 Conclusions and outlook

10.1 Key observations

The following key observations, recommendations, and conclusions, applicable to the 

material and mixtures investigated in this work, are summarized:

1. Mixing OPC grout with seawater is technically feasible with regards to rheol-

ogy, strength development and long-term durability.

2. The high heat of hydration has no significant deleterious effect on strength and 

chemical composition and durability. Laboratory produced specimens tested in 

accordance with commonly accepted test methods displayed no significant dif-

ference in comparison to tap water mixed samples. Cores taken 62 days after 

casting from connection specimens with large grout thickness cast and cured 

under water displayed normal strength development. The observations agree 

with previous durability studies conducted in the 1980s.

3. A reduction of up to 11% in Young’s modulus was observed on a small number 

of tested samples subject to high heat of hydration.

4. The presence of hairline cracks due to shrinkage and temperature stresses has 

been observed in large scale tests and can be deemed to be taken into account 

by the underlying test data and is allowed for by applying a global factor of 

safety on system strength.

5. In-situ hydration temperatures of up to 100 °C were observed in the 400 mm 

thick grout annulus during curing of the large-scale specimens, which were 

submerged in tanks and could exchange heat with the surrounding water. Meas-

urements of hydration temperatures in adiabatically sealed 300 mm cubes 

reached temperatures of 105 °C. Heat simulation carried out with 2.8 W/kg 

showed good agreement with these measurements.

6. Initial slurry temperature had no effect on long term strength, albeit short term 

strength was increased with rising slurry temperatures.

7. Increasing mixing time, energy and equipment has a significant effect on com-

pressive strength. It is recommended to use equipment, such as colloidal mix-

ers, capable of breaking down cement clusters and achieve a homogeneous 

slurry. Trial tests to verify effects of equipment and optimal mixing energy, 

mixing times and pump performance are essential. Particularly where grout 

flow is impeded at the outlet of the stinger or manifold these conditions should 
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be simulated by realistic grout trials using a seawater mix matching that of the 

in-situ location (if seawater is used as a mixing water).

8. Statistical compliance of material properties has been demonstrated and adjust-

ment factors have been suggested where significant deviations were observed.

9. Compressive strength of neat OPC grout follows normal and Weibull distribu-

tions in line with assumptions of DIN EN 1990. 

10. Compressive strength acceptance and conformity criteria have been derived 

(see 7.3.10).

11. Compressive strength development over time is in line with predictions given 

in DIN EN 1992, however ambient conditions must be considered (as for nor-

mal concrete).

12. Characteristic compressive strength of laboratory produced specimens consid-

ered in this work with w/c ratio < 0.4 and OPC CEM I 52.5 exceeded fck,cyl = 

51 MPa and fck,cu,75mm = 60 MPa 

13. Splitting tensile strength, tested on 21 samples, can be described by the rela-

tionship provided in Table 3.1 of DIN EN 1992, more data points may be re-

quired to investigate if standard deviations are higher than assumptions in DIN 

EN 1992.

14. Conversion factors for cube to cylinder sizes have been confirmed from previ-

ous studies and additional data points have been added to the data library.

15. Young’s modulus of neat OPC cubes and cylinders considered in this work 

ranged between 18000 MPa and 22000 MPa for w/c ratio 

16. The Young’s modulus of neat OPC grout cements can be roughly described by 

applying a factor of 0.5 to the formulas in DIN EN 1992.

17. Guidance has been derived to describe the magnitude of total shrinkage as 

βas(t) = 1 – 푒��.�∗√�   and εca,grout(∞) = 2.5 (fck – 10) *10-5

t in days and fck in N/mm2 

18. Thermal expansion coefficient has been derived as = 29.1 * 10-6 /°C

19. The pore size distribution and total pore volume observed in this work, and the 

dense grout matrix associated with w/c ratios < 0.4 appears to impede the 

transport of deleterious components and leads to a sulphate and NaCl resistance 

within limits of accepted test methods

20. Whilst transport of deleterious reacting agents may be possible through shrink-

age and temperature induced cracks, microcracking and fatigue-initiated 
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cracks, no detrimental effects on the chemical composition could be observed 

on the specimens investigated in this study. This is compliant with the literature 

reviewed.

21. Storage of specimens in solutions with 3.000 mg NaCl/l and 30.000 mg SO4/l, 

showed satisfactory resistance against sulphate and chloride attack (for the SR 

cements reviewed in this work), with an approximate reduction in dynamic 

Young’s modulus of 2000 MPa and a maximum expansion of 0.357 mm/m, 

which may result in some expansive stress states. The expansion was less than 

autogenous shrinkage observed.

22. DIN EN ISO 19902 strength equations can be linked to shear strength calcula-

tions of DIN EN 1992 applying an interference fit analogy and confinement 

stress analysis.

23. DIN EN 1992 compliant design procedure has been substantiated by statistical 

analysis and comparisons to relevant test data from over 200 large scale tests

24. Depending on project specific boundary conditions, a recalibration of design 

equations and safety factors to a further screened underlying test data, relevant 

to the specific project boundaries, may offer further opportunities to produce 

more economical designs (compare chapter 9.1.2.).

25. Fatigue performance can be linked to ULS capacity.

26. EAC and wet tests fall within the scatter of existing data if EAC reduction 

factors and submerged conditions adjustment factors are applied.

27. Design equations of DIN EN ISO 19902 and DIN EN 1992 follow broadly a 

modified Drucker Prager stress envelope, in the shape of an inverted (convex) 

parabolic curve. The rising part of the Drucker Prager curve can be linked to 

the interface shear strength and the falling part of the parabola to the grout 

matrix strength.

28. In the confined condition of a concentric assembly, OPC grouted connections 

showed very ductile behaviour despite displaying a rather brittle behaviour 

when tested in unconfined conditions. It is possible that the existing hairline 

cracks offer capacity for energy dissipation in the confined situation.

29. The load displacement curves of box specimens resembled those of short spec-

imens with only three shear keys, indicating circular specimens should be long 

enough to engage at least five shear keys, such that beneficial circumferential 

hoop stresses can develop effectively.
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30. Failure of fatigue tested connection specimens is described at the load level at 

which repeated load cannot be sustained. Failure is associated with a rapid in-

crease in displacement.

31. Maximum fatigue displacement may reach 10% pile diameter.

32. Post fatigue static strength of undamaged specimens may exceed 75% of static 

mean strength (undamaged = specimens which did not exceed displacement 

limits during fatigue testing).

33. Post failure static strength of damaged specimens may exceed 20% of predicted 

static mean strength.

34. This work has shown that the load bearing capacity of concentric connection 

with this otherwise very brittle material is depending on the coexisting triaxial 

compressive stress state, which closes the hairline cracks, characteristic for this 

material. The adjustment factors recommended in this work account for the 

transfer of properties of uncracked test specimens to cracked grout within the 

connection. The relationship guidance derived in this work is not directly trans-

ferable to systems lacking compressive stress states. The guidance relates to 

connection types and geometries typically used to connect jacket foundations 

to piles.

10.2 Conclusions

This work demonstrated that a safe design with reliability levels consistent with those 

of DIN EN 1990 can be carried out using design equations derived in this work in line with 

existing provisions of DIN EN 1992. Also, safe designs with consistent reliability levels can 

be carried out with the design equations of DIN EN ISO 19902. Recommendations have 

been developed to carry out a safe design using the family of standards of DIN EN 1990, by 

applying stress calculations derived from first principle structural mechanical models of in-

terference fit concentric cylinders.

It has been demonstrated by statistical analysis that seawater mixed neat OPC grout 

fulfils the assumptions of EN 1990 with regard to statistical normal and log normal distribu-

tion of the key material parameters which govern static design resistance of grouted connec-

tions. Recommendations for adjustments have been derived where necessary. The results 

have been displayed in the context of historical data and test series underlying the design 

equation of DIN EN ISO 19902. Although the grout material displays, even in the unloaded 

state, a matrix of fine cracks, subdividing the grout matrix into smaller individual pieces, the 
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material parameters tested on homogeneous unconfined test specimen acc. to the relevant 

European testing standards could be used to derive and verify the system strength using 

equations of DIN EN 1992. The influence of shrinkage has been examined in the context of 

the stress calculations. The transfer of static system strength to fatigue resistance of the sys-

tem has been verified empirically.  Neat grout samples subject to compressive load tests fail 

brittle and abruptly once the peak stresses have been reached, in contrast the system behav-

iour is much more ductile and more akin to the elastic-plastic stress strain curve of concrete, 

with a ductile post peak behaviour. This ductile behaviour is owed to the three-dimensional 

stress state of the confined connection, which enables stress redistribution and leads to radial 

and circumferential compressive stress. The substantial post fatigue failure strength is further 

testimony to the ductile system behaviour. This stress state is enhanced by the dilatancy of 

cracked grout material. 

The analysis of hysteresis plots has indicated the potential for a dissipated energy-

based approach to enable predictions for lifetime extensions. However future research has 

yet to develop reliable prediction formula. This work shall enable continued and wider use 

of seawater mixed neat OPC grouted connection designed in accordance with reliability lev-

els stipulated by DIN EN 1990 series of standards.

10.3 Outlook

Albeit this work demonstrates that seawater mixed neat OPC connections, with coexisting 

radial compressive stress, induced by the presence of shear keys, can be designed within the 

hierarchy of standards of DIN EN 1990 and DIN 1992, it should be noted that the conclu-

sions relate to the mixtures and cements considered in this work. For future applications, 

project specific validation is required, particular for parameters where the statistical sample 

size considered here is small.

Further work and tests are needed to: 

- Enlarge the data base of fatigue tests on cylindrical specimens in a submerged or 

saturated condition. 

- Link fatigue resistance of material tested on cylindrical test specimens to behaviour 

at material level (Equation 7-ss related to results in 6.1.12).

- Improve analytical procedure to account for churching at shear keys a function of 

inherent stress state.

- Validate coexisting effects of EAC and submerged performance.
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- Validate coexisting effects of EAC and bending moment.

- Validate coexisting effects of axial load with coexisting bending in submerged sit-

uation.

- Validate coexisting effects of axial load with coexisting bending in submerged sit-

uation subjected to EAC.

- Enlarge statistical database of splitting tensile strength tests results and improve 

equations for splitting tensile strength for neat grout samples (Equation 7-aa) 

- Validate the limit of bond strength stated in DIN EN 1992, applicability of clause 

8.4.2 should the investigated for larger scale applications.

- Validate early age reduction factor for fck > 90 MPa.

- Extend the validity range for stiffness factor k > 0.02

- Verify the validity range for slender and large diameter piles (which may prove 

prohibitively expensive).

- Validate rheological behaviour for higher salt contents with concentration above 

30.000 mg/l (if this is relevant to a particular site).

- Improve understanding of the long-term material resistance, i.e., test periods ex-

ceeding 5 years.

- Understand the influence of shear key size and geometry on grouts with and with-

out aggregates and for various strength (influence of fracture mechanics as sug-

gested by Trunk; Can the critical radii derived by Trunk transferred to recommen-

dations for shear key geometries of various grouts with and without fine aggre-

gates?)

- Develop fatigue design rules based on normalised dissipated energy threshold val-

ues, and to test if these can be used to establish failure prediction models of in field 

structures?
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Appendix A: Parameter study DIN EN ISO 19902 vs DIN EN1992
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Appendix B - Statistical determination of resistance models
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Appendix C – Rietveld refinement of cement used in JIP GOAL

(AMPA2, 2018)
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Appendix D – Grout operations JIP GOAL

The grouting of specimens for the JIP GOAL began on the 15th of September 2016 and 

was finalised on the 27th of June 2017 with the grouting of the combined load test specimens 

3.02. A total of twenty-one specimens were grouted and cured at the project site and subse-

quently tested at KIT. For each specimen, a series of material samples were taken for both 

wet tests and subsequent cured material laboratory testing. 

The grouting and testing procedures are outlined in (Arup001, 2015) (Arup002, 2015). 

However, it was not always possible to follow the exact procedure and there were occasions 

when the mixing, grouting and specimen retrieval procedure was adjusted. The reasons be-

hind the deviations from the original test plan are described together with how these devia-

tions may have impacted upon results. Grouting was performed in several phases by two 

grouting contractors, FoundOcean from Scotland and BBV-Systems Bobenheim as shown 

in Appendix D. The FoundOcean mixer used on site was the Rep 5 small batch mixer con-

sisting of a colloidal mixer, an agitation tank and a grout pump, all equipment was air driven.

The grout was loaded by hand in 25kg bags and mixed for approximately three minutes prior 

to being transferred to the holding tank. This holding tank included an agitation devise to 

ensure the grout within the container remained mobile. 

Figure  D-a Grout mix equipment used by FoundOcean in JIP GOAL

Before entering the specimen, the grout was pumped up from the holding container 

Fig D-a to the specimens through 2-inch diameter high pressure hosing passing through a 

control valve and into a 1 inch diameter aluminium lance. This lance was held approximately 
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5 cm from the base of the specimen annulus. When grout was observed to be overflowing 

the lance was slowly lifted from the specimen while grouting continued. Grouting was then 

stopped, and the end of the lance was removed from the specimen. During grouting the water 

would often become cloudy, reducing visibility. In this case a pre-calibrated measurement 

stick would be used to probe the specimen and measure the grout height within the specimen.  

Before grouting commenced samples were taken from the holding tank via a short exit valve 

on its side.  Specimens were grouted continuously without pausing the grouting procedure. 

Specimens were generally grouted one after another. Once the lance had been lifted from 

one specimen and it was confirmed as full the lance would be placed into the next specimen 

and grouting would continue until all available specimens were filled.  In the event of the 

need for a break between the specimens the grout mixer would be completely cleaned and a 

testing procedure on the first mix would be undertaken prior to re-starting the grouting. 

The mixer used by BBV on site was the Gertec Mixer IS-60-EF consisting of a colloi-

dal mixer, an agitation tank and a grout pump. The grout was loaded by hand in 25 kg bags. 

The grout was mixed for approximately two minutes prior to being transferred to the holding 

container. This holding container included an agitation devise to ensure the grout within the 

container remained mobile. From the holding container, before entering the specimen, the 

grout was pumped up to the specimens through 5/4-inch diameter high pressure hosing pass-

ing through a control valve and into a 1inch diameter steel lance. This lance was held ap-

proximately 5 cm from the base of the specimen annulus. When grout was observed to be 

overflowing the lance was slowly lifted from the specimen while grouting continued. Grout-

ing was then stopped, and the end of the lance was removed from the specimen. During 

grouting the water would often become cloudy, reducing visibility. In this case a pre-cali-

brated measurement stick would be used to probe the specimen and measure the grout height 

within the specimen. The methodology was purposefully kept the same as that deployed by 

FO on the site. Before grouting commenced samples were taken from the holding tank via a 

short exit valve on its side. 

Specimens were grouted continuously without pausing the procedure. Specimens were 

generally grouted one after another. Once the lance had been lifted from one specimen and 

it was confirmed as full the lance would be placed into the next specimen and grouting would 

continue until all available specimens were filled. 

In the event of the need for a break between the specimens the grout mixer would be 

completely cleaned and a testing procedure on the first mix would be undertaken prior to re-

starting the grouting. 
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Figure  D-b site layout JIP GOAL

Figure D-c Grouting tanks for JIP GOAL

Since grouting operations took place from September 2016 to July 2017, the full sea-

sonal variety was experienced on site with ambient grouting temperature varying from 2°C 

to 40°C. The effect of ambient and slurry temperatures on grout strength was found to be not 

a significant impediment. An analysis of ambient temperature effects is provided in 7.3.9.

Location of FoundOcean Mixer Location of BBV Mixer

Cooling container Cube preparation area
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The specimens 1.22 and 1.23 were modified for EAC testing 2.02 and 2.03 to accom-

modate the requirement to maintain the grout within the intended annulus space during EAC 

and avoid alternative load paths during ULS and FLS testing. For this purpose, the arrange-

ment depicted in Fig. D-d was devised comprising a steel annulus plate, a 5mm nitrite sheet 

and a 50mmm liquid waterproof membrane acting as bond breaker. Before ULS and FLS 

testing the sand and lower grout plugs were removed.

Figure D9.1.3-d Grouting arrangement for EAC test (Arup004, 2017)

While this arrangement performed well for grouting of the ULS specimen 2.02, during 

the grouting of specimen 2.03 some grout slump of some 45mm was observed within the 

first hour after grouting. The water level was lowered in the tank and a 5mm wide gap was 

observed measuring 150mm to 200mm in depth. The gap was topped up by grout after dis-

placement during EAC had stabilised. It is assumed that the water in the lower chamber was

not displaced properly during grouting and grout had slumped into the lower chamber. It is 

possible that this may explain the relatively poor results of test 2.03.
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Figure  D-e JIP GOAL Grouting campaign record
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Appendix E –Alkali Silica reactions

Alkali silica reaction (ASR) and alkali carbonate reaction (ACR) belong to the most 

common and well-known deteriorating reactions of concrete. They are also summarized un-

der the term alkali aggregate reaction (AAR). In both cases aggregates react with alkalis of 

the cement. ACR reactions probably are the less well known of both types of AAR. They 

were first described in the 1950s and are often associated with alkali reactive carbonate rock, 

dolomites or limestone of dolomitic origin. These aggregates are common for example in 

Ontario, Canada, the Middle East and in coastal regions of Germany. Alkali silica reactions 

describe reactions of hydroxide ions with amorphous crystalline SiO2 minerals. Generally, 

aggregates which have undergone significant mechanical stress during their formation his-

tory have an increased risk of containing amorphous reactive minerals. Tectosilicates, opals, 

critobalit, tridymit and stressed quartz are considered as having a high ASR risk (Mansfeld, 

2008). On the one hand ACR reaction leads to solution of amorphous SiO2 in the alkaline 

environment of the cement, which is crack inducing, on the other hand the propensity of the 

ASR reaction to produce a gel is a main contributor to the deleterious nature of ASR. The 

expansive gel pressure building up in the pores is dependent on w/c ratio and may reach 2.9 

MPa (Binal, 2004). According to calculation by Kawamura (Kawamura & Iwahori, 2004)

global pressures may reach 8 MPa, with theoretical values of up to 350 MPa. Tests and 

calculations carried out at by Mansfeld confirmed expansive gel pressure >10 MPa, which 

significantly exceeds the tensile strength of the cement matrix and also of most aggregates

(Mansfeld, 2008). The expansion can exceed 0.4% (Hu, et al., 2013) after 90 days. The alkali 

carrying reaction partner is either contained within the cement as NaOH, KOH or introduced 

as an external reacting agent. The literature covers extensively Na2Oeq limits for cements 

and the influence of concrete porosity on limiting the transport of NaCl into the matrix. 

However, NaCl contained in the mixing water is not widely researched in the literature (Stark 

& Wicht, 2013). In general concrete with high porosity has lower propensity for damage 

than concretes with a denser matrix, which is due to the capacity to absorb expansive gel in 

the pore volume. However, where external reactive agent must first be transported into the 

matrix a lower porosity is desirable (Voland, 2015). This leads to conflicting demands for 

applications in the marine environment. Dawei Hu et al (Hu, et al., 2013) carried out a series 

of tests on expansive mortars aimed at evaluating the effects of alkali silica reaction (ASR) 

on mechanical behaviour of cement-based materials. The reactive mortar sample was com-

posed of CEM I 52.5 R with a high alkali content of 1.11% Na2Oeq increased to 15 kg/m3 

by adding caustic soda and mixing with crushed sand from reactive siliceous limestone and 
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demineralised water. The cured samples were subjected to triaxial compression tests with 

confining pressures of 0.5 and 15 MPa. It was observed that after storage of samples in a 

controlled environment, the triaxial compressive strength increase of the reactive mortar is 

more significant than that of the non-reactive one. The Young’s modulus was reportedly 

more significantly affected by the ASR induced damage than the compressive strength. In 

comparison to the non-reactive samples the Young’s modulus of the reactive samples de-

creased by 8% to 17%. Nevertheless, despite the fact, that the test showed that for reactive 

samples the expansion lead to a reduction of stiffness, in comparison to non-reactive sam-

ples, due to induced mirco-cracking, for all samples the Young’s modulus increased under 

confining pressure of up to 15 MPa no less than 50%. Hu explained the reason for the in-

crease in multi-axial strength of the reactive mortar with the more compact microstructure. 

The compactness of the material can be explained with the filling of voids by the alkali

calcium-silica gels and also with the reaction of some such gels with portlandite to form C-

S-H (Hu, et al., 2013).  These effects reported by Hu could be utilised to increase bearing 

capacity of confined connection, as shown in chapter to 7 and 8, subject to further tests on 

expansive properties of alkali silica reactive grouts and considering the work by Elnashai 

and Billington on prestressed grouted connections (Elnashai, et al., 1986) or mechanisms 

described in EP 2 851 471 B1 (Bartminn & Quintana Saavedra, 2014).

If AAR is of concern the expansion characteristics should be determined by SVA-

tests* in NaSO4 and Ca(OH)2 solutions, considering the potentially large variability in nat-

ural source materials. The following should be examined if AAR is to be considered:  

 relative expansion (SVA Test)

 relevant temperature levels and relevant Na2Oeq

 expansive force (measured in confined cylinders)

 effect on strength and Young’s modulus (unconfined)

 effect on strength and Young’s modulus (confined triaxial test)

* SVA Tests. (Sachverständigen Ausschuss -Sulphate resistance test procedure according to Deutsches Institut für Bautech-

nik, modified using recommendations in 2. Jahrestagung und 55. Forschungskolloquiums des DAfStb „Sulfatwiderstand 

von Beton – Auslegung, Prüfung, Ausführung)
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