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Cyclic resistant geotechnical design and parameter selection for offshore engineering and 
other applications  

Dimensionnement aux chargements cycliques et sélection des paramètres pour l’ingénierie des 
fondations offshore et autres applications   

Knut H. Andersen, Alain A. Puech and Richard J. Jardine 
Norwegian Geotechnical Institute, Oslo, Norway; Fugro GeoConsulting, Nanterre ,France, and Imperial College London 

ABSTRACT: Cyclic loading due to wind, wave and wind-turbine loading is of crucial importance in offshore foundation engineering. 
Designers often have to consider cyclic bearing capacity and stiffness, as well as permanent displacements due to cycling and
potentially changing patterns of soil reaction stresses. These features are illustrated by drawing on offshore engineering prototype 
observations, field, model and soil element testing studies before setting out cyclic design procedures for gravity base foundations, 
suction anchors, monopiles and deep driven piles. Similar approaches may be used to consider the geotechnical effects of cycling 
imposed by seasons, earthquakes, ice, machinery or other processes in applications ranging from sea barriers to large bridges and 
foundations to roads or high-speed trains. A main objective has been to offer guidance for obtaining the soil parameters for design of 
foundations under cyclic loading. 

 

RÉSUMÉ : Les chargements cycliques induits par le vent, la houle et le fonctionnement des éoliennes sont d’une importance capitale 
pour l’ingénierie des fondations offshore. Le concepteur doit le plus souvent considérer la capacité portante et la raideur cycliques
mais aussi les déplacements permanents engendrés par les cycles et de possibles évolutions des réactions du sol. Ces particularités 
sont illustrées par un panorama d’observations recueillies sur des prototypes de structures offshore et de résultats d’essais in situ, sur 
modèles et sur échantillons de sol. On décrit ensuite les procédures de dimensionnement sous chargement cyclique des fondations de 
plates-formes gravitaires, d’ancres à succion, de monopieux d’éoliennes et de pieux battus de grandes longueurs. Des approches
similaires  peuvent être utilisées pour prendre en compte les effets géotechniques des charges cycliques imposées par les variations 
saisonnières, les séismes, les glaces, les machineries et autres processus tels que rencontrés dans les ouvrages de défense à la mer, les
grands ponts ou les fondations de routes et de trains à grande vitesse. L’objectif principal a été de proposer des recommandations pour 
l’obtention des paramètres de sol nécessaires pour le dimensionnement des fondations sous chargements cycliques.  
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1 INTRODUCTION 

This document has been prepared under the auspices of 
ISSMGE TC-209, which is concerned with advancing offshore 
geotechnical engineering. Its main aim is to contribute to 
comprehensive cyclic design guidance for offshore and other 
civil engineering applications.  

The offshore oil and gas industry has advanced cyclic design 
in recent decades, developing procedures for considering the 
effects of large cyclic loads caused principally by waves and 
wind. Well-established guidance is available for Gravity Base 
Structure (GBS) and other shallow foundation types, in API RP 
2GEO, 2011; DNV Foundations, 1992. Jardine et al 2012 
summarise equivalent developments in cyclic assessment 
methods for offshore piled foundations. The offshore wind-
turbine industry is also adapting cyclic design methodologies: 
see DnV-OS-J101, 2010 or BSH, 2007.  

Far less attention is given currently to cyclic loading in 
general civil engineering and building foundation guidelines. 
National codes and Eurocode 7 reflect a generally lower level of 
elaboration. Closer attention is paid to the topic in earthquake 
geotechnical engineering, pavement studies and in foundation 
design for heavy rotating machines. Andersen (2009) 
emphasized cases where cyclic loading is important for coastal 
structures (harbour facilities, breakwaters, storm surge barriers 

etc.) and also foundations, slopes, embankments and cuts 
subjected to variable seasonal, wind, operating or seismic loads. 
The present lack of guidance regarding piles under cyclic 
loading is being addressed in the ambitious SOLCYP Research 
and Development project (Puech et al., 2012) underway in 
France that considers a wide range of applications including 
high rise towers and chimneys, energy transport pylons, high-
speed train infrastructure and crane foundations, as well as 
offshore energy facilities. Results from SOLCYP are 
incorporated into this paper. 

The paper describes how foundation design can be 
approached when cyclic loading is important, summarises some 
relevant calculation procedures and focuses on reporting current 
best offshore practice for determining cyclic design parameters. 
The latter has developed through advanced laboratory testing, 
performed on high quality samples, combined with model and 
full-scale field studies. In-situ testing based approaches have yet 
to be developed comprehensively, although this avenue may 
prove more promising in the future.  

Ten main sections are set out between this introduction and 
the final conclusions covering: 
• The range of offshore foundation types considered 
• Cyclic loading characteristics 
• The key aspects to consider in cyclic design 
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More challenging, implicit “time domain” procedures, 
(where each cycle is calculated with an appropriate constitutive 
model and iterated over many small strain increments) have also 
been implemented in finite element programs intended, in 
particular, for earthquake geotechnical engineering applications. 
Each cycle is calculated with an appropriate constitutive model 
and iterated over many small strain increments. Examples of 
elasto-plastic models (such as Prevost, 1977; Mroz et al., 1978; 
Chaboche, 1994), endochronic models (Valanis and Lee, 1984) 
or hypoplastic models (e.g. Gudehus, 1996 or Niemunis and 
Herle, 1997) have been proposed. This procedure becomes 
difficult after a significant number of cycles (say 50) because (i) 
computational resource costs become high and (ii) and errors 
can accumulate with the constitutive models and integration 
algorithms that may be employed. When considering large 
numbers of cycles, the explicit procedure appears more robust 
and appropriate. Wichtman, Niemunis and Triantafyllidis 
(2004) have recently developed a procedure that combines 
implicit and explicit elements. Careful validation will naturally 
be required to assess the new methods’ reliability and predictive 
capabilities before they are adopted for routine use. 
 

5.4 Equivalent cyclic soil spring stiffnesses 

Equivalent overall soil spring stiffnesses, which are defined as 
the overall (secant) ratios between the amplitudes of particular 
components of cyclic foundation and the resulting displacement 
amplitudes, can be assessed from the output of the finite 
element analyses described in Section 5.2 and exported for use 
in soil-structure interaction analyses. However, as emphasised 
earlier, the soil response is likely to be highly non-linear and no 
single stiffness can match behaviour fully from small loads up 
to the maximum. Secant stiffnesses defined from the extreme 
maximum load case will be too soft to match the response seen 
at lower, more frequently encountered, cyclic loading levels. 
Interaction is necessary with structural engineers to ensure 
compatibility between the geotechnical and the dynamic 
analysis cases and parameter sets.  

One simplified approach that has been applied in dynamic 
analyses of large diameter GBSs on clay is to calculate an 
‘operational’ stiffness by inputting (over the peak period of the 
storm) into the cyclic finite element analyses an ‘operational’ 
cyclic load calculated as the Root Mean Square (RMS - 
equivalent to a standard deviation, as applied in alternating 
current electrical engineering) cyclic deviation from the mean 
load. The stress strain input is similarly defined in terms of 
RMS for the cyclic load composition in the peak period of the 
storm. The finite element output gives equivalent RMS 
displacements and stiffnesses, working from the soil cyclic data 
described in Section 5.2. Further details can be found in 
Andersen (1991).   

Foundation damping behaviour, which can also be 
important, may be calculated from the finite element analyses 
by integrating the damping expected in each element over the 
soil volume. Such calculations have been implemented in the 
finite element program INFIDEL (Hansteen, 1991), which also 
performs stiffness calculations according to the method 
described above. INFIDEL can consider circular and elliptic 
geometries with axisymmetric or non-axisymmetric loads and 
with elastic far field elements that can extend to infinity 
horizontally. Such analyses require soil damping functions 
related to stresses or strains and the number of applied cycles. 

The analyses described above give secant stiffnesses. The 
load-displacement relationships applying to individual cycles 
may also be established by applying Masing‘s rule and 
calculating the relative area retained within the load-
displacement loop as the ratio. 

 

6 CALCULATION PROCEDURES FOR PILES 

 
The Commentary section of the industry standard 

recommendations (API RP2GEO 2011) for offshore design 
recognises several methods to calculate static axial pile capacity 
and lateral loading response. The API axial approach for clay 
relies on UU triaxial shear strength measurements. Alternative 
approaches that are used in some North Sea and other 
applications are the ICP-05 effective stress approach (Jardine et 
al., 2005), which combines an holistic approach to YSR 
assessment with sensitivity and interface shear measurements 
(and CPT measurements for base resistance), and the NGI-05 
total stress procedure (Karlsrud et al., 2005) which relies  on 
UU shear strength and plasticity index although Karlsrud (2012) 
proposed that the NGI-05 clay method for clays should be based 
on DSS undrained shear strength tests. API RP2GEO (2011) 
indicates a preference in sands for the Commentary ‘CPT 
methods’ which all require high quality CPT data, while the 
ICP-05 sand method also requires interface shear tests. 

Methods for addressing cyclic loading, however, are not 
equally well developed. Review of (i) cyclic load tests on piles 
and (ii) cyclic loading on piled structures led Jardine et al.          
(2012) to conclude that cyclic loading effects can be more 
important for pile capacity than has been appreciated 
conventionally, particularly for structures with high ratios of 
cyclic to average loads. They argue that current design practice 
needs to be reconsidered and start by relating potential effects of 
axial load cycling to the static axial capacity considerations.  

Jardine et al. (2012) argue that cyclic pile capacity depends 
on effective stresses, which can change due to stress 
redistribution and/or pore pressure generation. Storm loading 
conditions will usually lead to a principally undrained response 
and potential excess pore pressure generation in clays. When the 
permeability of sand is high enough to give drained conditions 
during storms, volume changes can develop that provide scope 
for possible radial straining close to the pile shaft. If the 
response is dilative, as it may be at high shear stresses in dense 
sand, the expanding interface shear zone reacts against the 
surrounding soil mass and generates radial stress increases. The 
reverse applies when the sand close to the shaft contracts under 
cyclic loading. However, as reviewed by Sim et al. (2013), the 
soil near to the pile shaft is subject to tight kinematic controls. 
Effective stress changes can develop in both sands and clays 
through constrained dilation without the necessity for any 
excess pore pressure changes. 

 

6.1 Effects of axial cycling on axial capacity 

Jardine et al. (2012) recommend that a graduated cyclic 
assessment process should be applied to evaluate cyclic effects 
of axially loaded piles (Figure 6.1), starting with simple 
summary interaction diagrams that relate the cyclic capacity to 
the static capacity and progress, if required, to full analyses of 
site specific soil-structure analyses considering local storm 
loading.   

Examples of interaction diagrams for driven and jacked 
displacement piles are given in Figures 6.2, 6.3 and 6.4, which 
show results of in situ load tests on piles driven in clay, and 
Figures 6.5, 6.6 and 6.7 which show results of model or in-situ 
tests on displacement piles in sand. The Haga clay has medium 
plasticity, moderate sensitivity and is lightly over consolidated. 
Onsøy is a plastic, normally consolidated clay, while 
Lierstranda clay has low plasticity and low OCR. The Tilbrook 
Grange profile consists of low plasticity, very stiff, glacial till 
overlying highly plastic, high OCR, Jurassic Oxford clay; both 
strata have high OCR. Fontainebleau NE34 sand is a fine 
grained industrial silica sand that is widely used for centrifuge 
and other model studies in France and elsewhere, which was 
air-pluviated in a dense to medium-dense state for the model 
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behaviour. Key input parameters in RATZ are the nominal 
linear shear modulus, G, the yield threshold, ξ , the peak shaft 
friction, τp, the residual shaft friction ratio, τr/τp, and the 
displacement to reach residual shear stress, ∆wres. For non-
linear strain-softening, the shape factor, η, determines the 
exponential shape. For cyclic loading, the cyclic residual shaft 
friction ratio, τcr/τp and the absolute value of the yield ratio, ξ 
must be specified. Static parameters can be obtained from 
standard engineering practice. Cyclic parameters require 
calibration on series of fatigue curves from DSS, TX or CNS 
tests using the internal RATZ algorithm.  

Erbrich et al. (2010) present methods for calculating cyclic 
behavior of axially loaded drilled and grouted piles in 
compressible cemented carbonate soils and laterally loaded 
drilled and grouted or driven piles in uncemented carbonate 
soils, implemented in software called CYCLOPS and pCyCOS, 
respectively. The programs are beam column approaches with t-
z and p-y models. The t-z formulation in CYCLOPS is 
developed from RATZ, with the RATZ model enhanced by 
including a variable bias parameter and an initial softening 
parameter, and the shape of the t-z curve is modified within and 
immediately outside of a gap zone formed during cyclic 
loading. A significant number of CNS test is needed for the 
model to be used in practical design. The p-y curve in pCyCOS 
is established from finite element analyses of a horizontal disk 
around the pile with input in the form of a cyclic stress strain 
curve from monotonic and cyclic simple shear tests. The present 
version focuses on two-way cyclic loading. The procedures in 
both programs have a theoretical basis, but include a number of 
factors determined from empirical calibration. Both programs 
require a competent user with considerable skill and care. The 
programs were developed for carbonate soils, but have potential 
for more general applicability. 

    
Alternative t-z procedures include the code PAXCY/PAX2 

(Karlsrud et al., 1986; Nadim and Dahlberg, 1996) which 
incorporates key features of the NGI’s laboratory based 
approach for clays. Here the t-z springs are established by 
integrating with respect to radius the shear strains γrz developed 
in the disk of soil surrounding the pile segment. The soil around 
the pile is divided into the three zones reflecting different 
degrees of disturbance during installation with a thin remoulded 
zone closest to the pile wall. The cyclic soil response is based 
on shear strain contour diagrams of the type presented in Figure 
5.14, which show the average and cyclic shear strains as 
functions of average and cyclic shear stresses after a given 
number of cycles. Ideally, contour diagrams should be 
established for all the three zones around the pile. However, the 
inner reconsolidated “remoulded” zone is assumed to govern 
capacity and displacements. The DSS test results are corrected 
for octahedral effective normal stress conditions as proposed by 
Karlsrud and Nadim (1990) and mentioned previously.  

It is assumed that the pile’s cyclic loading history can be 
expressed by load parcels that each contains a fixed number of 
cycles with constant average and cyclic loads. The pile response 
is calculated at the beginning and end of each load parcel. 
Diagrams of the type shown in Figure 5.14 are used to establish 
relationships between average shear stress, τa, and average shear 
strain, γa, and between cyclic shear stress, τcy, and cyclic shear 
strain, γcy. The two relationships are not independent, however, 
and iterations are performed until acceptable convergence is 
obtained between the calculated τa and τcy distributions along 
the pile. 

The effects of cyclic loading on capacity and displacements 
are taken into account by using strain contour diagrams of the 
type shown in Figure 5.11. The strain accumulation procedure 
described previously is followed over the cyclic load history, 
and the equivalent number of load cycles at the beginning and 
end of the specified load parcels is determined. 

PAX2 is a simplified version of PAXCY that allows the NGI 
approach to be applied more easily and rapidly. PAX2 assumes 
that the cyclic shear strain is independent of τa, eliminating need 
to iterate the τa and τcy-γcy relationships. The programme 
contains a database of normalized stress-strain functions, and 
the equivalent number of cycles can either be specified or 
estimated automatically based on storm duration, soil type, 
platform type, and ratio between average and cyclic loads. 
Worked calculation examples in Karlsrud and Nadim (1990) 
demonstrated that PAXCY predicts pile displacements and 
stress redistribution well along the shafts of piles tested at Haga 
under various combinations of average and cyclic loads. Parallel 
analyses made with PAX2 and RATZ show at least reasonable 
agreement for the static and cyclic load cases. 

 
Atkins (2000) report an alternative t-z formulation based on 

the simple ‘A, B, C’ effective stress ICP procedure (Jardine et 
al., 2005) that can be used in clays or sands, provided suitable 
cyclic laboratory (DSS, triaxial or HCA) tests are undertaken. In 
this approach pile slip was the sole source of permanent pile 
head deflection under cycling, although cyclic stiffness also fell 
proportionally with shaft capacity degradation. As with the NGI 
approach, a cyclic accumulation method was used to address 
storm loading with relative local radial effective stress (and 
hence shaft capacity) loss being carried forward as the memory 
parameter. Atkins (2000) were able to reproduce the load 
displacement behaviour of cyclic tests performed in dense sands 
at Dunkirk with reasonable accuracy and went on to apply the 
approach in full soil-structure interaction analyses of offshore 
jackets experiencing extreme storm events.  

 
The t-z beam-column programmes provide predictions for 

cyclic axial displacements and allow, in principle, permanent 
axial displacements to be tracked under-cyclic loading. The 
same degree of development has not been achieved in lateral p-
y beam-column analyses. The ‘cyclic p-y’ variants do not 
address the gradual evolution of displacements under specified 
cyclic loading conditions, but simply give softer envelope 
curves that take some account of the degradation that might be 
expected under ‘typical Gulf of Mexico’ storms.   

 
Simplified boundary element formulation 
 
Poulos (1989) took a different approach to axial cyclic 

analysis in developing the SCARP code. Here a simplified 
boundary element formulation is used in place of the t-z beam-
column formulation. The soil mass is represented by an elastic 
continuum, but allowance is made for end-bearing failure and 
pile-soil slip along the interface by specifying limiting values of 
the pile-soil stress at each pile element. Strain-softening of the 
interface can also be considered (Figure 6.12). The program 
allows for three major effects of cyclic loading: (1) degradation 
of shaft and end-bearing resistances and soil modulus, (2) 
loading rate effects and (3) accumulation of permanent 
displacements under non-zero average loads. The “reverse 
plastic stress” model, proposed by Matlock and Foo (1979) is 
assumed in which degradation D develops progressively during 
cycling with:  

 
D = (1 - λ) (D’ – Dmin) + Dmin                               (9) 
 
where:  
D = Current value of degradation factor 
D’  = Degradation factor for previous cycle 
Dmin = Minimum possible degradation factor 
λ  = Degradation rate parameter 
 
SCARP tracks three degradation factors: Dτ for shaft 

resistance, Db for base resistance and DE for soil modulus. Each 
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7 CYCLIC SOIL PARAMETERS 

Earlier sections have outlined the soil characteristics that 
need to be established to allow cyclic design assessments for 
shallow foundations, suction anchors, monopiles and piles. The 
necessary input parameters are re-summarized in Table 7.1 and 
in brief comments given below. The Table includes the 
parameters required to assess monotonic axial pile capacity 
because this step defines the key reference point for the cyclic 
axial interaction diagrams and degradation laws discussed in 
several parts of Section 6. 

  
Shallow foundation assessment involves assessing drained 

frictional failure characteristics in cases involving sands when 
undrained conditions cannot be assumed to apply. Interface 
friction angles may also be needed to consider base sliding 
stability with low φ΄ and δ soils, especially those with low 
sensitivity and potentially high OCRs. 

Monotonic undrained shear strengths are crucial to the ‘NGI’ 
approach to cyclic characterisation in clays and undrained 
sands. The spread of tests required depends on the potential 
failure modes. If horizontal sliding is critical, for instance, 
compression and extension tests are less important than DSS 
experiments. Initial shear moduli are important to displacement 
and soil spring stiffness calculations, and may dominate the far-
field response.  

Cyclic testing is clearly crucial to cyclic shallow foundation 
assessments. Contour diagram reporting offers a convenient test 
data presentation format, independent of the calculation method 
eventually employed, as was illustrated in Section 5. Fatigue 
assessments require trends that may have been extended, 
potentially to hundreds of millions of cycles. Damping 
parameters are not always required, but may be called for with 
tall and slender structures.  

Consolidation characteristics are needed to calculate 
dissipation and settlement rates stemming from cyclically 
induced pore pressures generated during storms. These 
processes are treated as being analogous to re-loading and are 
analysed with reloading moduli. The apparent pre-consolidation 
pressure is needed to determine the overconsolidation ratio, 
OCR (or Yield Stress Ratio – YSR), which is an important 
parameter in several respects, including cyclic behaviour.  

Testing is undertaken on remoulded samples when site 
specific set-up analyses are performed in sensitive clays. The 
consolidation characteristics (modulus and permeability) 
contribute to analyses of set up times, while shear strength, 
sensitivity and thixotropy measurements are fed into analyses of 
the associated shear strength gains. Set-up factors may also be 
estimated as functions of plasticity and OCR following 
Andersen and Jostad (2002). Cyclic tests are not normally 
performed on remoulded clay as the skirt wall soils are assumed 
to have a similar cyclic response to the intact clay. But such 
tests can be considered in cases where the interface shear 
strength is likely to be crucial and/or significantly different to 
that of the intact soil.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The cyclic assessment of anchors requires a broadly similar 

range of input parameters to shallow foundations. However, 
noting that design is often dominated by overall holding 
capacity, deformation properties (e.g. shear modulus and 
damping) may not always be required. The emphasis on 
establishing shear strain and pore pressure trends can also 
generally be reduced, although knowing their relationships with 
cyclic shear stresses and numbers of cycles remains necessary 
to track the numbers of equivalent cycles and the cyclic 
strengths that determine cyclic holding capacity.  

 
Monopiles may be designed following either the approaches 

set out for shallow foundations (requiring the parameter list 
discussed above) or those developed for longer (L/D > 10), 
which are reviewed below. 

 
Deep, high L/D piles may be assessed by a range of 

alternative procedures, each of which involves a specific 
parameter assessment approach. Monotonic capacity prediction 
is the first step towards axial cyclic loading assessment. 
Depending on the methodology chosen, this may require CPT 
resistance, relative density, YSR, plasticity index, sensitivity, 
effective interface shear angles or monotonic UU/DSS 
undrained shear strengths. The interface friction angles required 
for effective stress methods should be determined through ring-
shear tests, as described by Jardine et al. (2005a). Cyclic 
constant volume DSS or HCA experiments are needed to apply 
the simplified A,B,C ICP cyclic analysis method, while some 
cyclic procedures for sands call for drained cyclic CNS tests. In 
contrast, the NGI approach for clays requires intact DSS shear 
strength, sensitivity and thixotropy measurements. Tests on 
reconsolidated remoulded clay are also needed and cyclic DSS 
tests are called for if the PAXCY cyclic t-z approach is to be 
applied. 

Explicit finite element cyclic analyses require similar 
parameter derivation approaches to shallow foundations or 
suction anchors, depending on the relative importance to design 
of predicting the foundations’ load-displacement characteristics.  

More advanced, fully implicit, finite element analyses 
involve a range of other procedures in which the constitutive 
modelling parameters are calibrated to fit specific static and 
cyclic tests. The scope for improving modelling through 
advanced testing is developing continuously. For example, 
Jardine (2013) sets out recent developments that can be applied 
to improve predictions for the monotonic and cyclic modelling 
of large displacement piles driven in sands by accounting for 
cyclic laboratory test behaviour as well as phenomena such as 
stiffness non-linearity and anisotropy, creep and time 
dependency, large displacement interface-shear characteristics, 
the stress regime imposed by installation, particle crushing 
beneath the pile tip and the development of an interface shear 
zone containing particle crushing products. 
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Table 7.1 Cyclic soil data for foundation design of shallow foundations, suction anchors, monopiles and piles 

Soil parameter 
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Frictional characteristics         
Peak drained friction angle, φ’  x  x  x  x4,8 
Undrained friction angle, φu’  x  x  x  x8 
Dilatancy angle, ψ  (x)  (x)  (x)  x8 
Slope of DSS drained failure line, α’  x  x  x  x8 
Slope of DSS undrained failure line, αu  x  x  x  x8 
Interface friction angle, δpeak and δresidual (x)1 (x)1 (x)1 (x)1 (x)1 (x)1 x4,8,(1) x4,8,(1) 
Monotonic data         
Monotonic undrained shear strength, su

C, su
DSS, su

E x x x x x x x2,7,8 x8 
Initial shear modulus, Gmax x x   x x x8 x9 
Cyclic data         
Cyclic undrained shear strength, τf,cy = f(τa, τcy, N), triaxial and DSS x x x x x x x2,8 x8 
Cyclically induced pore pressure, up = f(τa, τcy, N), triaxial and DSS x x  x x x x9 x9 
up = f(τcy, logN) for τa=τ0, triaxial and DSS x x  x x x x9 x9 
Cyclic stress strain data,γa, γp & γcy = f(τa, τcy, N), triaxial and DSS x x  x x x x2,9 x9 
γcy = f(τcy, logN) for τa=τ0, triaxial and DSS x x x x x x x2,8 x9 
Drop in radial effective stress along shaft σ′r = f(τcy, N), DSS   x10  x10  x10  

Drop in radial effective stress along shaft σ′n = f(τa, τcy, N), CNS    x11  x11  x11 

Damping (x) (x)   (x) (x) (x9) (x9) 
Consolidation characteristics, intact soil         
Preconsolidation stress (and OCR) x x x x x x x x8 
Virgin, unloading and reloading constrained moduli x x x6 x x x x6,9 x8 
Permeability x x x6 x x x x6,9 x8 
Remoulded soil data         
Sensitivity, St x6  x6  x6  x6,7,8  
Undrained shear strength of reconsolidated remoulded soil, DSS x6  x6  x6  x5,6,7,8  
Cyclic undrained shear strength, τf,cy = f(τa, τcy, N), reconsol. DSS (x)6  (x)6  (x)6  x5,6,7,8  
Virgin constrained modulus x6  x6  x6  x6,8  
Permeability x6  x6  x6  x6,8  
Thixotropy x6  x6  x6  x6,(7),8  
Additional parameters for reference monotonic pile capacity         
Relative density, Dr        x3 
CPT resistance       x3 x3 
Plasticity index, Ip       x3  
Monotonic UU shear strength, su

UU       x3  
ε50       x3  

 
( x): Generally not required  
1) May be required for low sensitive clay, high OCR clay and 

for low φ΄ and δ soils 
2) Input to PAXCY/PAX2 in clay. DSS only  
3) To calculate reference monotonic capacity if using 

interaction diagrams or degradation laws 
4) For design based on effective stress principles 
5) If constructing interaction diagrams for piles based on DSS 

tests 

6) In case of site specific set-up analyses 
7) To calculate axial pile capacity in clay based on 

reconsolidated remoulded shear strength. DSS only. 
8) In case of explicit finite element analyses 
9) In case of explicit finite element analyses and where 

displacements are important 
10) Simplified A,B,C method 
11) In case of explicit finite element analyses where interface is 

modelled based on CNS tests 
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8 LABORATORY TESTING 

The cyclic soil parameters identified in the previous section 
can be determined by triaxial, DSS, oedometer, UU, bender 
element, resonant column, HCA, CNS and ring shear laboratory 
tests as indicated in Table 8.1. The last column in the table 
indicates papers that comprise database references for some key 
tests given in Table 10.1. A higher level guidance on planning 
and execution of geophysical and geotechnical ground 
investigations for offshore renewable energy projects is given in 
BSH (2008) and OSIG (2013). 

 
Frictional characteristics. Drained effective-stress shear 

failure and dilatancy parameters can be determined from 
monotonic triaxial and DSS tests. As described in Section 4, 
HCA tests provide the best descriptions of the stress states 
developed in tests involving principal stress axis inclination (α) 
rotation, although sample preparation, apparatus control and 
data reduction are more complex and time consuming. Interface 
friction angles are best determined from ring-shear tests where 
the soil annulus is rotated against the required interface 
material. DSS or shear box tests where the sample is sheared 
back and forth have been used as alternatives, although the 
results are less satisfactory.  

 
Monotonic shear tests. Undrained shear strength can be 

determined from monotonic triaxial compression, triaxial 
extension and DSS tests. The initial drained and undrained 
vertical Young’s moduli and Poisson’s ratios (E′v, EUv, υ′hv and 
υUhv) can be determined by means of local strain transducers in 
triaxial testing. The vertical shear stiffness Gvh may also be 
assessed through bender element shear wave velocity 
measurements made in triaxial, DSS or even oedometer tests. 
Care is needed to address potentially marked small strain 
stiffness anisotropy. The full set of cross anisotropic elastic 
parameters can be measured statically in instrumented HCA 
tests, or by assuming rate independence and combining multi-
axis bender tests with instrumented triaxial probing tests: see 
Kuwano and Jardine (2002 and 2007), Gasparre et al. (2006) or 
Jardine (2013). Bender element signals measured in DSS tests 
may experience less disturbance due to side boundary 
reflections, but the transducers are positioned close together and 
may give uncertainty to the effective wave travel path length. 
Initial values of shear modulus Ghv may also be measured in 
resonant column tests, although this may be less cost-effective 
in cases where information is not required regarding small strain 
damping. Bender element and locally instrumented triaxial tests 
have the advantage of measuring initial shear moduli and shear 
strengths on the same sample.  

The strain ranges over which most soils show linearly elastic 
behaviour are very small and most practical field problems are 
dominated by non-linear behaviour; Andersen and Aas (1980), 
Jardine et al. (1986), Andersen (1991), Andersen and Høeg 
(1991), Jardine (1994). Locally instrumented triaxial tests allow 
high quality information to be recorded continuously from very 
small strains up to failure. Resonant column tests also allow the 
non-linear range to be explored to some extent, although under 
dynamic conditions that involve cycling at relatively high strain 
rates. Soil moduli are known to vary with the imposed stress 
regimes and be affected by the time allowed for ageing. 
Stiffness is therefore best measured in apparatus that allows the 
in-situ (often K0) effective stresses to be applied and in tests that 
include suitable pause periods for samples to reach low creep 
rates before assessing stiffness; Jardine (2013). 

 
Cyclic parameters. Undrained or drained cyclic triaxial and 

DSS testing is performed to aid offshore foundation design. 
Stress-controlled cyclic loading systems are usually adopted 
because the critical perturbations are predominantly imposed by 
wave and wind loads that are estimated from interactive fluid-

structure analyses. Mixed-boundary cyclic CNS and HCA 
testing may also be considered. Damping parameters can be 
found from the stress-strain loops of cyclic triaxial and DSS 
tests. Small strain damping is best determined in resonant 
column tests or from locally instrumented triaxial experiments. 

 
Consolidation characteristics of intact soil. The vertical 

yield stresses σ′vy (or pre-consolidation stresses) and 
overconsolidation ratios (or YSRs) of lightly over consolidated 
deposits can often be determined directly from oedometer tests 
on clay samples. Such yield points cannot be seen in tests on 
sands and are usually harder to interpret in heavily 
overconsolidated clay samples. OCR (or YSR) may also be 
inferred from knowledge of the site’s geological history, from 
shear strength profiles or from in-situ test profiles. A cross-
checked, holistic, approach is recommended in cases where the 
OCR (or YSR) has an important bearing in design as with, for 
example, the ICP pile design method for clays.  

The constrained (usually non-linear) moduli that apply over 
moderate strain ranges may be estimated from oedometer tests 
on intact clay and on sand specimens prepared to the most 
representative in situ condition. The oedometer tests should be 
performed with two unload/reload sequences. The first 
unloading should generally be performed from a vertical 
effective stress appreciably greater than the estimated 
preconsolidation stress, which also helps to clarify the latter’s 
determination. The second unload/reload stage should be 
applied at the end of the tests. These two unload/reload loops 
help to establish the slopes of the ‘swelling’ curves and inform 
the interpolation/extrapolation of unload/reload moduli at 
different effective stress levels to those applied in the test. 

Oedometer tests involve relatively thin samples that 
experience considerable bedding strain at their ends and friction 
over their side walls. These potential imperfections can be 
eliminated by undertaking drained stress path triaxial tests 
equipped with local strain transducers; see Jardine et al. (1984) 
or Tatusoka et al. (1997). Such triaxial tests are more 
demanding and require closer control than standard tests, 
especially if zero lateral strain or other mixed boundary 
conditions are required. 

Permeability can be measured in the oedometer tests, but for 
clean sand it is necessary to check that the flow resistance of 
filters and other equipment is sufficiently small or correctable to 
have no significant influence on the measurements. Low-
resistance triaxial permeability tests should be performed when 
necessary.  

 
Remoulded soil testing. Clay sensitivity can be measured by 

fall cone, laboratory vane or UU tests on tests on intact and 
remoulded clay (e.g. De Groot et al., 2012). Undrained 
monotonic or cyclic DSS or triaxial tests may be performed on 
samples remoulded by hand before being set-up and 
consolidated to the desired testing stresses. Remoulded testing 
may also follow earlier testing of samples in an intact state 
where large strain undrained cyclic tests may be followed by 
final undrained shear stages. Oedometer tests on remoulded 
samples may provide constrained moduli and the permeability 
information.  

 
Thixotropy may be investigated through tests on remoulded 

clay samples by fall cone or shear vane tests on specimens that 
are stored under constant water content conditions over a time 
series such as 1, 8 hours and 1, 2, 4, 8, 15, 30 and 60 days. It is 
important that the samples are well sealed and the remoulded 
strength and the water content of the multiple samples tested 
should also be measured to check that their basic properties are 
unchanged by storage or drying. 

 
Sampling and specimen preparation. The load carrying 

capacity of foundations in sand is dominated by the sand’s in-
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generate large shear strains that can break down the soil 
structure. It may also reduce the effects of sampling 
disturbance, preparation and re-consolidation methods 
(Andersen, 2009) although this requires more systematically 
study.  

The lower permeability of clays and their lower cyclic 
susceptibility lead to pre-shearing being less appropriate in most 
GBS design cases. Consideration has to be given to the 
extended times available for dissipation of any pore pressures 
set up by earlier storms or storm build-ups. Pre-shearing usually 
leads to property improvements in low OCR clays, but the 
effects may be less positive or negative in high OCR deposits: 
Andersen (1988). In the latter case, the critical design situation 
could apply at a time well after installation when the clays may 
have been degraded by prior cyclic loading, swelling and 
drainage. 

 
Cyclic loading tests. Suites of tests are needed for each 

critical soil unit that will affect the GBS, pile, anchor or other 
foundation under consideration. Tests may be eliminated from 
some units by considering the foundation’s zones of loading 
influence and the potential importance of key layers in cyclic 
response. Noting that cyclic properties depend on degree of 
apparent overconsolidation, more than one suite of tests may be 
required within single units where OCR (or YSR) varies 
significantly with depth or when the soil beneath the foundation 
is consolidated under the weight of the structure to a higher 
consolidation stress than outside. Tests need to be run on 
samples taken as close to each other as possible to avoid 
variability affecting the patterns of behaviour.  

Cyclic testing suites designed to provide input for the NGI’s 
‘cyclic contour’ methodology to construct cyclic contour 
diagrams such as those shown in Figures 5.10 to 5.11 and 5.14 
to 5.17 are usually conducted undrained and stress controlled to 
match offshore storm loading. Each cyclic test applies one 
combination of average and cyclic shear stresses. Parallel 
monotonic ‘control’ tests are conducted under similar 
conditions (TC, DSS or TE) and on similar samples to the 
cyclic program and follow the same reconsolidation and pre-
shearing paths. The monotonic tests define the zero cyclic load 
case and are used to normalize the shear stresses in tests 
conducted on clays.  

The precise number of cyclic tests undertaken depends on 
whether full contour suites are needed. The degree of ambition 
in cyclic testing may reflect the project’s stage of development 
(feasibility vs. detailed design) and the engineering 
consequences of significant uncertainty remaining in the cyclic 
response data. The testing strategy also depends on whether 
established sets of contour diagrams exist for soils comparable 
to those present at the site in question. One set that is often 
referred to is the complete suite undertaken for Drammen clay 
at OCRs of 1, 4 and 40; Andersen (2004).  

The first step at a new site is to perform a limited programme 
involving perhaps three pairs of cyclic TC and DSS tests 
accompanied by monotonic TC, DSS and TE tests that may be 
compared with the library of existing cyclic data sets. If no 
reasonable contour diagram match is obtained, further suites of 
cyclic tests can be added until a reliable overall contour set is 
achieved. If a comprehensive definition of the contour diagrams 
is chosen, tests with high and low level cyclic shear stresses 
should be applied. The cyclic tests shall also be run with 
different combinations of average and cyclic shear stresses to 
fully define the contour diagrams. Referring to Figure 5.9, the 

average shear stress applied in cyclic triaxial tests, τa, is the sum 
of the initial shear stress prior to cyclic loading, τ0, and the 
average shear stress, ∆τa, due to average environmental loads 
(from for instance waves, wind and current) and τa = τ0 + ∆τa. 
The soil is consolidated under τ0, but ∆τa can be applied 
undrained or drained, depending on the design conditions. The 
impact of this choice can be significant, as shown for very dense 
Baskarp sand by Andersen and Berre (1999). Consolidation 
analyses are required to decide whether ∆τa should be applied 
drained or undrained in sands and mixed strata. Dissipation 
times are usually long when considering storm loading on clays, 
leading to undrained conditions being adopted. When ∆τa is 
applied under drained conditions the triaxial contour diagrams 
depend on whether ∆τa is imposed by (i) increasing the vertical 
stress, or (ii) reducing the radial stress.  

The higher level tests are usually run to failure, but tests 
involving low cyclic shear stresses may have to be stopped after 
perhaps 5000 cycles without any failure developing. Cyclic 
failure is usually defined at NGI as a point where either the 
average or the cyclic shear strain reaches 15%. Specimens that 
do not fail cyclically can be subjected to final monotonic shear 
to failure stages, or be consolidated back to their original 
consolidation stresses while recording the resulting volume 
changes. 

The cyclic periods developed under storm wave loading 
generally vary between 10s and 20s. Test results are not 
expected to be affected significantly by cyclic periods varying 
between these limits and a 10s period has been adopted at NGI 
to reduce testing times and extend the numbers of cycles that 
can be applied in given periods. Shorter periods apply in 
earthquakes (1s or less) and under wind loading (where 3 to 4s 
may be typical), while periods can extend to 30s to 60s in the 
long duration swell conditions that can occur in some offshore 
areas. Cyclic testing rates should be varied to more appropriate 
values when considering such cases.  

Alternative testing strategies may be adopted when 
considering other cyclic design procedures. For example, the 
simplified A, B, C effective stress cyclic axial pile design 
approach (Jardine et al., 2005a) calls for sufficient constant 
volume DSS or HCA testing to establish how normal effective 
stresses will reduce due to shaft shear stress cycling. Samples 
should be consolidated to the radial effective stresses acting on 
the pile wall at end of equalization as predicted by the ICP 
methodology. The main testing focus is on varying the ratio of 
τcy / σ′n0; only limited testing is usually required with non-zero 
average initial shear stresses τa / σ′n0 (applied prior to cycling) to 
check whether this parameter is influential and needs to be 
considered. The testing suites are also designed considering that 
the ratio of τrz / σ′r cannot exceed tan δ at the pile-soil interface. 
Cyclic stiffness may be assessed through a fully non-linear 
‘small strain’ approach based on high quality, locally 
instrumented triaxial or HCA tests, as outlined by Jardine et al. 
(2005b) or Jardine (2013). 

Emerging explicit finite element approaches for assessing 
cyclic pile response may well call for different mixes and types 
of triaxial, DSS or HCA tests, even if the contour diagrams 
network is likely to define the required data for most soil 
models. Drained CNS testing may be called for to calibrate 
model interface conditions. The difficulties of choosing single 
CNS values were reviewed earlier; further guidance on this 
point is given by Pra-ai (2013). 
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Table 8.1 Laboratory tests to determine required cyclic soil parameters 
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Frictional characteristics        
Peak drained friction angle, φ’ x         a/b/c 
Undrained friction angle, φu’  x        a/b/c
Dilatancy angle, ψ x         a/b/c
Slope of DSS drained failure line, α’   x      x1  
Slope of DSS undrained failure line, αu    x      x1  
Interface friction angle, δpeak and δresidual            x d/e 
Monotonic data        
Monotonic undrained shear strength, su

C, su
DSS, su

E  x   x      x  f/g/h 
Initial shear modulus, Gmax       x2 x3   h 
Cyclic data        
Cyclic undrained shear strength, τf,cy = f(τa, τcy, N),    x   x       

g/i/j/ 
k/l/m

Cyclically induced pore pressure, up = f(τa, τcy, N),    x   x       
up = f(τcy, logN) for τa=τ0,    x   x       
Cyclic stress strain data,γa, γp & γcy = f(τa, τcy, N),    x   x       
γcy = f(τcy, logN) for τa=τ0,    x   x       
Drop in radial effective stress along shaft σ′r = f(τcy, N), clay      x12        
Drop in radial effective stress along shaft σ′r = f(τa, τcy, N), sand       x13        
Damping   x  x    x   h/j/k 
Consolidation characteristics, intact soil        
Preconsolidation stress (and OCR)       x       
Virgin, unloading and reloading constrained moduli x11      x4      a 
Permeability x11      x5      a 
Remoulded soil data        
Sensitivity, St     x6     q 
Undrained shear strength of reconsolidated remoulded soil    x       h 
Cyclic undrained shear strength, τf,cy = f(τa, τcy, N), reconsolidated soil    x       j/k 
Virgin constrained modulus    x       
Permeability    x       
Thixotropy          x7 h 
Parameters for reference monotonic pile capacity        
Relative density, Dr       x8 n/o/p 
CPT resistance        x9 n 
Plasticity index, Ip        x10  
Monotonic UU shear strength, su

UU   x      
ε50   x      
 
1) Alternative to DSS, but with more difficult sample preparation 
2) Can be included as part of monotonic and/or cyclic tests 
3) Bender element tests an alternative  unless damping at small shear 

strain is needed,  
4) Oedometer tests should be run with 2 unload/reload sequences 
5) Consider triaxial set-up for clean sands where perm. may be high 
6) Determined in UU tests, fall cone or lab vane on intact and remoulded 

clay.  
7) Test aged remoulded clay samples stored at constant water content 

8) Normally interpreted from in situ CPTU. Can also be based on in situ 
water content/unit weight, but these can be uncertain 

9) From in situ CPTU 
10) From routine index testing 
11) Alternative to oedometer tests to eliminate testing imperfections 
12) For simplified A, B, C method 
13) In case of some explicit finite element analyses where drained CNS 

tests are used to model interface 
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The NGI contouring procedure starts with plotting the 

individual data outputs as illustrated by DSS test examples in 
Figures 9.1 and 9.2. The intersection with the horizontal axis in 
diagrams of the type in Figures 9.1 and 9.2 represents 
monotonic conditions and the companion static test data are 
plotted on this line. The contour diagrams can be used directly 
in the NGI’s cyclic analysis toolset. They also form a basis that 
can be used as input to and to formulate or test other 
mathematical models. 

 

10 CYCLIC AND STATIC ADVANCED GEOTECHNICAL 
TESTING DATA BASES 

Advanced laboratory test data are often unavailable at the start 
of projects and it may indeed be unfeasible to conduct such tests  

 
at any stage in some settings. Lists of published high quality 
results can provide useful support in such circumstances. Table 
10.1 offer a selection of references to such databases. The last 
column in Table 8.1 is linked to the further commentary and 
details given in Table 10.1. The main focus is on advanced 
static and cyclic laboratory testing. 

This paper has concentrated on summarising contributions 
that are well known to the Authors and their colleagues and has 
not attempted to offer a full review of the large volume of 
relevant and significant work by others. This selectivity is 
maintained in the referencing made here and in the supporting 
data given in Table 10.1. Naturally, considerably more 
information, and many more references, are available in the 
broader literature.  
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Table 10.1 Literature with data on cyclic soil parameters in Tables 7.1 and 8.1 

Reference Description / Comment Ref. param. 
in Table 8.1

Frictional characteristics 
Andersen & Schjetne 2013 

Diagrams with frictional soil characteristics of sand as functions of relative 
density and effective normal stress from triaxial tests 

a 
Bolton 1986 b 
Schmertman 1978 c 
Jardine et al. 2005 Interface friction angles for clay d 
Ho et al 2011 Interface friction angles for sand e 
Monotonic data 

Lunne & Andersen 2007 

Undrained shear strength of normally and lightly overconsolidated clays 
correlated to the preconsolidation stress. Shear strength anisotropy factors. 
Shows anisotropy is higher (smaller factors) the less disturbed the clay is. 
Reason; TC strength more affected by sample disturbance than TE and DSS 

f 

Andersen 2004 Normalised shear strength as function of OCR. g 
Jardine et al 1997, 
Zdravkovic & Jardine 
2001, Nishimura et al 2007 

HCA tests on range low OCR and high OCR soils showing anisotropic 
dependence of shear strength on parameters b and α f/g 

Andersen et al. 2008 Initial shear modulus of clay normalised both to vertical effective stress and to 
undrained shear strength as function of Ip and OCR. h 

Jardine et al 1984, Jardine 
1994, Zdravkovic & 
Jardine 1997, Tatsuoka et 
al 1999, Kuwano & Jardine 
2002, 2007, Gasparre et al 
2007 

Anisotropy and non-linearity of stiffness from very small strains to large, 
from dynamic and static tests in locally instrumented traixial and HCA 
apparatus 

h 

Cyclic data 

Andersen 2004 

Complete set of cyclic contour diagrams for Drammen clay (Ip=27%). Triaxial 
and DSS tests with OCR= 1, 4 and 40. Most comprehensive contour set for 
clay. Also presents comparison of cyclic shear strength diagrams for 8 
different clays with Ip ranging from 7% to 100%.

g 

Jeanjean et al. 1998 Cyclic contour diagrams for triaxial and DSS tests on normally consolidated 
clays with Ip=30-70% from Marlin deepwater site in Gulf of Mexico. i 

Kleven & Andersen 1991 
Andersen et al. 1991 

Complete set of cyclic contour diagrams and damping ratio for the Great Belt 
Bridge clay till (Ip=7%-12%) for OCR=1 and 3. Triaxial and DSS tests. In 
addition, DSS contour diagrams for OCR=40 and for remoulded clay.

j 
k 

Andersen & Berre 1999 

Cyclic contour diagrams for very dense Baskarp sand with grain size similar 
to typical fine uniform North Sea sands (D50=0.15mm and 3% fines. Because 
Baskarp sand is somewhat more angular than typical North Sea sands, one has 
been cautious to rely on the high strengths of Baskarp sand. However, more 
recent tests on actual North Sea sands seem to support Baskarp data.

l 

Andersen 2009 

Diagrams to establish cyclic shear strength of sand and silt as function of 
number of cycles, preshearing, OCR, Dr and water content. From published 
literature and NGI files. Refs. to other published papers on cyclic behaviour 
of sand. Some information on effect of load period for clay and sand.

m 

Andersen et al. 2008 Damping from two-way stress controlled cyclic DSS tests on clay as function 
of cyclic shear strain and number of cycles. h 

Lunne & Andersen 2007 Effect of sample disturbance on cyclic parameters f 
Consolidation characteristics, intact soil 

Andersen & Schjetne 2013 

cv of clay as function of void ratio (or water content) and clay content. cv of 
sand as function of void ratio (or water content) and D10.  
Mathematical expressions and empirical constants for loading, unloading and 
reloading constrained moduli of sand and silt.

a 

Remoulded soil data 
DeGroot et al. 2012 Discussion on ways to determine remoulded strength and St. q 

Andersen et al. 2008 
Reconsolidated remoulded shear strength normalised by original intact shear 
strength as function of OCR for various clays. 
Diagram with thixotropy ratio as function of activity, time and sensitivity. 

h 

Parameters for reference monotonic pile capacity 
Lunne et al. 1997 Guidance on use and interpretation of CPT and CPTU. Determination of Dr. n 
Jamiolkowski et al. 2001 Updated determination of Dr from CPT (clean sand). o 
Jardine et al 2005 Lab and field procedures required to apply ICP-05 method in clays and sands  
Emerson et al 2008 Determination of Dr from CPT at shallow depth (clean sand). p 
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11 APPLICATIONS TO OTHER TYPES OF STRUCTURES 
AND CYCLIC REGIMES 

As outlined in the introduction, cyclic loading issues are 
considered carefully in some fields outside offshore engineering 
including: earthquake geotechnical design, pavement 
engineering, blast-resistant design, some harbour/marine works 
and machine foundation design. However, other types of 
mainstream civil engineering structures exist that are subjected 
to repeated loading patterns involving a degree of regularity in 
amplitude and period. These “cyclic” loads may be essentially 
environmental (seasonal, or induced by waves, wind, currents or 
tides) or operational in origin. Some examples of structures that 
may potentially be affected by cyclic loading that may not 
always be addressed in design include: 
• Wind-turbines on land, which are submitted to wind and 

rotor/blade forces. The key geotechnical issue is to ensure 
that the foundation stiffness requirements match those 
required by the turbine manufacturer. 

• Coastal structures including harbours, breakwaters and sea 
protection barriers. 

• Energy transport pylons: winter storm events have 
demonstrated the inadequacy of some foundation concepts 
to resist extreme cyclic wind forces. 

• High rise towers and chimneys are sensitive to wind cyclic 
loading. 

• High speed train foundations and bridges, which transmit 
intense frequent and discontinuous traffic loads to the soil. 

• Structures subject to variable industrial loading, such as 
static and travelling cranes and hydraulic turbines as well as 
vibrating machinery. 

• Anchored rafts for coastal energy plants that are submitted 
to tidally varying ground water uplift pressures. 

• Large storage tanks subject to regular loading and unloading 
cycles. 

 
Load characterization 

It is common in building works and civil engineering to 
consider applied loads as essentially static or quasi-static. In 
accordance with existing codes and standards, critical loads are 
defined by the maximum values expected under various load 
cases (operational - SLS, extreme - ULS, accidental- ALS). 
These approaches do not address fully the dependence 
emphasized throughout this paper of soils’ cyclic response on 
mean stress and cyclic stress amplitude, loading frequency, 
number of cycles and cyclic stress path, which is well-
established in offshore geotechnics. A greater awareness of 
these issues is urgently required in general civil engineering.  

The cyclic loading conditions applied in the wider range of 
civil engineering needs to be characterised properly. Field 
measurement studies will provide critically needed new 
information. Figure 3.1 offers a provisional summary of some 
significant cyclic loading conditions by plotting representative 
periods against number of cycles.  

Our present knowledge is concentrated in the zone defined 
by periods of typically less than 100s and N < 10,000 which 
corresponds to the current earthquake and offshore engineering 
demands. There is clearly a need to investigations to cover 
higher numbers of cycles to meet wind turbine and high-speed 
train challenges and also to consider longer loading period 
events. The latter deserves particular attention because of the 
strain rate dependence of shear strength in clay and the scope 
for partial or full drainage applying over large loading periods, 
even in low permeability soils.  

In the same way, the accumulation of cyclic loading 
displacements and potential damage (or ageing benefits) need to 

be assessed over the whole lifetimes of facilities, rather than just 
one design storm.  Low level cycling can be beneficial to 
capacity if accompanied by drainage and pre-shearing. 
However, negative effects are also possible in dilative low 
permeability soils, as discussed earlier.  

 
 Foundation types 

The methodologies for cyclic design of offshore foundations set 
out in the preceding were divided into essentially two types: (i) 
monolithic rigid bodies with low depth to width L/D ratios and 
(ii) piles where L/D usually exceeds 10.  

The first group, typically involving shallow foundations, 
were considered in the NGI framework by limit state or FEM 
analyses. Simplified approaches could be made in which cyclic 
shear strengths were applied around static critical failure 
surfaces. More advanced analyses considered the equilibrium of 
the average loads and average shear stresses along with strain 
compatibility along the potential failure surface (Andersen and 
Lauritzsen, 1988). Deep caissons such as offshore wind 
monopiles may be considered by similar approaches, or 
considered as piles (Jardine et al., 2012).  

One critical aspect with deep caissons/monopiles is their 
sensitivity to lateral displacements and stiffness under a high 
number of cycles. This aspect has been addressed by deriving 
degradation laws from model pile tests (Peralta, 2010; Le Blanc 
et al., 2010), through simplified explicit FEM analyses 
(Andersen and Høeg, 1991; Saue et al., 2010 or Grimstad et al., 
2013); the explicit procedure proposed by Wichtman (2005) can 
also be applied (see Abdel-Rahman and Achmus, 2005).  

Well-designed deep piles tend to behave as flexible elastic 
bodies under cyclic loading. Their behaviour has been modelled 
traditionally by elastic continuum approaches or simplified t-z, 
p-y beam column approaches, although these conventional 
approaches suffer from a number of significant limitations, as 
emphasised by Jardine et al. (2012).  

The range of foundation concepts used in building or civil 
engineering structures is much broader than that applied in 
offshore applications. Application of offshore shallow 
foundation procedures to strip footings and offshore pile 
techniques to deep onshore piles is relatively straightforward. 
However, new or modified approaches are needed for more 
complex piled raft, rigid inclusions, high pressure anchored, or 
reinforcement earth and other foundation techniques. The need 
to employ sophisticated physical modelling or FEM simulations 
can be envisaged for many such applications.  

The SOLCYP project (Puech et al., 2012) is offering a 
significant contribution to making cyclic analysis feasible for 
conventional piled foundations. As shown in Figure 6.1, the 
SOLCYP cyclic assessment process starts with the use of cyclic 
axial stability diagrams. A key aim is to develop charts covering 
a wider variety of soil types and pile installation techniques, 
with an emphasis on better matching the range employed in 
mainstream building and civil engineering activities. Diagrams 
are being generated within SOLCYP from field tests involving: 

• Closed-end (full-displacement) driven steel piles. 
• Non-displacement augered, cast-in-place, bored 

reinforced concrete piles.   
• Partial displacement screw piles formed by helical tool 

that penetrated by a combination of jacking and 
rotation with the concrete piles being cast in place and 
reinforced after concreting. 

The diagrams were derived from tests on suites of similar 
piles installed at two French experimental sites. The first, at 
Merville, involved the stiff overconsolidated Flanders clay, 
which is from the same geological unit as the UK London clay. 
The second involved a dense to very dense sand at the Loon- 
Plage site which is located with about 1km of the Dunkirk test 
site utilised by Imperial College (Jardine et al., 2006; Rimoy et 
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