Shear direction

Consolidation p' values (kPa) E'v (MPa)

Introduction

As the origin of ageing in sands is remaining an open question in geotechnic, the aim of this PhD is to understand as much as possible the mechanisms behind this phenomenon. It has been observed that ageing in sands could lead to positive changes in their mechanical properties, in particular those of the sands around a deep foundation. Which could make it possible to predict and thus benefit from the improvement in the resistance developed by the foundation in contact with the soil.

In this thesis, we studied the case of small piles in contact with sand under unsaturated conditions. The piles studied were all made of steel with different surface states and natures. Given that the subject is about 'ageing', time was also one of the main criteria of this study. Each of these differences has been thought out in order to be able to study all the hypotheses put forward in previous researches on the same subject. Various assumptions and hypothesis have been advanced to explain the increase in pile capacity: (i) chemical processes; (ii) mechanical mechanisms; (iii) effect of dynamic disturbance and pore pressure dissipation; and (iv) biological effects.

To investigate the ageing phenomenon and its mechanisms, an extensive testing program was conducted in a well-described site in Dunkirk (France). During this campaign, 35 small piles (about 50 mm in diameter and 2 m long) of different nature (fresh and smooth steel, smooth and rough stainless steel, rough and corroded steel) have been driven in a fine siliceous sand and were tested in tension at different deadlines (from 1 day up to 1 year).

In this in-situ part of the thesis, we would like to notice the precious help of SOL SOLUTION company (Riom, France) and to thank them for their technical support in the installation of the small piles and their participation of the tests area by conduction penetrometer tests (Panda® and Grizzly®).

The question of the order in which the dissertation will be presented has been thought out and decided to expose the facts in a different way. We have chosen to change the usual entry and highlight the in-situ tests before the literature. Therefore, the structure is as follows:

-First in chapter 1, a description of the in-situ investigation campaign carried out in Dunkirk as part of the thesis. These tests will then be compared with the results obtained by tests conducted at Larvik and Blessington under different conditions. This will make it possible to distinguish the influence of soil parameters on the rate of gain in capacity and therefore in ageing that can be obtained.

-Next, we validated our conclusions drawn from the in-situ campaigns through a bibliographical search described in chapter 2. This made it possible to confirm the initial hypotheses and to direct the laboratory tests.

-

In chapter 3, a complete description of the laboratory tests is drawn. The purpose of this series of tests was to try to reproduce what is observed in-situ on a laboratory scale. To do so, mechanical tests such as interface shear tests were conducted on Dunkirk sand and the smooth steel plate. We also performed chemical tests to study the corrosion aspect.

-Finally, chapter 4 is a summary of this PhD giving the main conclusions and the possible perspectives.

Chapter I: Experimental campaigns in

Dunkirk and other sites tests

Introduction

In the aim of studying the short and long-term behaviour of driven piles and better understanding the mechanisms behind ageing (or set-up, defined as the time-dependent increase in pile capacity) in sands, a series of field pull-out tests on open-ended small piles was launched in January 2016. Our choice fell on a well-described site located in Gravelines (France) in the PISA project area (for PIle Soil Analysis project, https://www.imperial.ac.uk/geotechnics/research/research-projects/pisa/PISA, [START_REF] Byrne | New design methods for large diameter piles under lateral loading for offshore wind applications[END_REF] and close to others research sites described in the literature [START_REF] Brucy | Behaviour of a pile plug in sandy soils during and after driving[END_REF], Chow, 1997, Parker et al., 1999, Jardine et al., 2006). 35 small piles of different nature in terms of material and roughness were driven in a fine siliceous sand layer.

The precedent researches demonstrated that the increase in large pile capacity is related to bonding and increased roughness as well as a recovery of interface strength. In fact, the stress relaxation leads to a mobilisation of the horizontal stress on the pile interface (friction fatigue phenomenon). We start with the premise that in the case of small pile the driving energy is not stronger enough to mobilise the interface strength increase. Our hypothesis is that the increase in pile capacity for small piles is a function of the physico-chemical processes, hence the use of steel and stainless-steel piles.

It should be noted that in the case of compression tests, two mechanisms occur: piles resist applied loads by a combination of end bearing at the base and shaft friction. Both components contribute to compression capacity while only shaft friction is developed in tension [START_REF] Parker | OTC 10828 Jet Grouting To Improve Offshore Pile Capacity: GOPAL Project[END_REF]. Moreover, the literature assumes that ageing is correlated to an evolution of the friction component on the interface and in the adjacent soil. This is the reason why we chose to do tension tests at different deadlines in order to isolate the friction mechanisms acting on the pile shaft. The variability in surface roughness (thus in the nature of interfaces) as well as the variation of deadlines is intended to discriminate the mechanisms behind ageing, assumed from the literature review, such as corrosion (chemical effect), constrained dilatancy or stress relaxation (mechanical effects) [START_REF] York | Setup and Relaxation in Glacial Sand[END_REF][START_REF] Tomlinson | Recent advances in driven pile design[END_REF], Chow, 1997).

In parallel to this study, two other campaigns of tension tests took place in Larvik (Norway) and Blessington (Ireland), with the same objectives, under the general supervision and expertise of Prof. R. Jardine from Imperial College of London. Different types of small piles and different ageing deadlines were also investigated. In total, 18 open-ended tubular steel piles have been driven in two different sand types with various density conditions and positions of the water table.

To better assess and understand the evolution of the capacity over time, it is interesting to analyse the results on large diameter piles installed in these three sites as part of previous studies. Figure 1.1 shows the results from "first-time" tension tests on open-ended steel piles, with a range of outer diameter (OD) between 340 and 508 mm, reported by [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF], [START_REF] Karlsrud | Significant Ageing Effects for Axially Loaded Piles in Sand and Clay Verified by New Field Load Tests[END_REF] and [START_REF] Gavin | The effects of pile ageing on the shaft capacity of offshore piles in sand[END_REF]. In this figure, the tension shaft resistance is normalised by the predicted ICP-05 tension capacities (see section 1.2.2.1, Jardine et al. 2005). These results showed the benefit of ageing on shaft capacity with a systematic trend. In general, capacity gains take place within the first 8 months after installation and reach an upper limiting increase around 2.5 times greater than the ICP-05 predictions. It should also be noted that the ICP-05 predicted capacities were exceeded 2 weeks after installation. 

Site description

Our experimental site is located "Route du Grand Colombier" (Gravelines, France), in the same area as the PISA Project [START_REF] Byrne | New design methods for large diameter piles under lateral loading for offshore wind applications[END_REF]. The small piles have been driven in the southeast part of this delimited area, at a minimum distance of 20 m from PISA structures as shown in Figure 1.2. 

Physical soil characteristics

The ground conditions at the site are well-known thanks to the investigations conducted by [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF] and [START_REF] Jardine | Field axial cyclic loading experiments on piles driven in sand[END_REF]. Since the small piles have been driven to a depth of about 2 m, the layer of interest is a hydraulic marine sand fill of about 3 m thick rested on a Flandrian marine sand deposited between 2100 and 900 years ago. Underneath the sand, a layer of clay named the Eocene Ypresian Clay was found and is a part of a major stratum that extends beneath the North Sea. The hydraulic sand fill, placed in the early 1970s and derived from the local marine sand, is dense to very dense. The stratigraphy of the site is shown in Figure 1.3 (the average ground level is around 8.5 m above the mean sea level). In terms of geology, the hydraulic fill is of the same origin as the underlying deposits (i.e. Flandrian sand).

The soil comprises of medium sand composed mainly of sub-angular particles. Chow (1997) summarized the Imperial College group works conducted in the early 1990s including mineralogical and physical characterisation tests (particle size and relative density), direct and interface shear tests, triaxial and resonant column torsional shear experiments [START_REF] Connolly | Hollow cylinder tests on Dunkerque sand[END_REF][START_REF] Kuwano | The stiffness and yielding anisotropy of sand[END_REF]. Chow (1997) reported the mineralogy of the particles from X-ray diffraction (XRD) tests, noting an average composition of 84% SiO2 quartz, 8% feldspar and 8% calcium carbonate shell fragments. Samples tested by the CLAROM project team in a close

PISA area

3SR area site at Loon-Plage also indicated 9 to 18% shell fragments with an average value of 11.5% from all their test samples.

The grain size distribution, carried out on samples recovered during the present campaign, is reported in Figure 1.4. Soil parameters and ground conditions are presented in Table 1.1 (Carroll et al. 2019) while chemical testing is shown in Table 1.2 (Carroll et al. 2019). The fraction over 1 mm represents about 4% in mass and is composed of carbonate shell fragments and small gravels. During the present PhD, the mechanical tests were performed on the size distribution capped at 1 mm.

During the yearlong testing programme, six pits were dug at depth intervals between 0.5 to 2 m Below Ground Level (BGL) and water contents were measured. The water content was in the range of 5.3 % to 7.2 %. Note that no water table was observed during piles extraction, but it was detected in a close borehole at a depth between 4 to 4.7 m. We can therefore conclude than the sand around the small piles was under unsaturated conditions (degree of saturation between 25 and 40%). The soil density has been estimated by carving a sand block at a depth of 0.5 m: the dry unit weight is about 17.5  0.3 kN.m -3 . The relative density, determined more reliably using correlations with CPT test, changes with depth, and Chow (1997) showed values close to 100% over the first 2 m, tending to an average of around 75% at greater depth.

Suctions of about 10 kPa were found in block samples taken (during winter) adjacent to the piles that can vary seasonally. The suction profiles established for the PISA programme, shown in Figure 1.5(b), are taken as representative in the analyses that follow. In addition to these measurements, laboratory suction tests were carried out on Dunkirk sand specimens using the sandbox technique (Eijkelkamp Soil and Water, YEAR). For this, 10 samples of Dunkirk sand were used, and the results are presented Figure 1.5(b). 

Mechanical soil properties

The behaviour of the sand has been extensively examined through laboratory tests and field tests.

Laboratory tests

A. Triaxial tests

Investigations into the mechanical behaviour of Dunkirk sand were conducted by [START_REF] Kuwano | The stiffness and yielding anisotropy of sand[END_REF] and Agakouchak (2015) giving us an idea about the sand peak friction angles and its behaviour under shearing.

The studies included six K0 consolidated undrained tests, performed on medium dense sand samples (𝐷 𝑟 ≈ 75%). The samples were formed by pluviation in water and densified by rodding and mould vibration.

In the Aghakouchak study the samples were consolidated from q = 0, p' = 20 kPa to q = 440 kPa and p' = 506 kPa with K0 = 0.45. after 48 hours of creep the samples were sheared undrained under axial compression (+Δσv) and extension (-Δσv) while the cell pressure was kept constant. In addition, over-consolidated samples were prepared following the same procedure. The final swelling path brought the effective stresses to q = 50 kPa and p' = 167 kPa and a further 48 hours creep was allowed prior to shearing. All samples had a dilative (a) (b) response at higher strain levels leading to continuous reductions in pore pressures. As shown in Figure 1.6, in compression tests the q values continued to increase with a stable slope over the 1 to 2 %, axial strain levels, while the extension tests slopes became flat after εa = 0.3%.

Figure 1.6 q-εa trends from undrained normally consolidated and over-consolidated tests [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] In Kuwano study, consolidation was conducted to effective stress levels 𝑝′ 𝑚𝑎𝑥 = 200 𝑘𝑃𝑎, and this was followed by unloading to yielding stress ratios (YSR) of 1.0, 2.0 and 5.7. Shearing in compression and extension was made at an axial strain rate of 0.1%/min to strains of 2.5 to 6%. The effective stress paths and stress-strain curves are shown in Figure 1.7. Kuwano observed peak angles equals to 𝜙 ′ = 37° in compression, 𝜙 ′ = 35° in extension and a critical state angle of 𝜙′ 𝑐𝑣 = 32° measured on a loose sample in compression (𝐷 𝑟 = 30%, 𝑝′ 𝑐 = 400𝑘𝑃𝑎) (Table 1.1). A dilatant-like behaviour was observed during shearing in compression whereas an initial contraction resulted from the 90° rotation of principal stress axes applied in extension tests. [START_REF] Kuwano | The stiffness and yielding anisotropy of sand[END_REF] B. Shear stiffness characteristics Chow (1997) examined the shear stiffness characteristics of Dunkirk sand using data from in situ seismic cone measurements [START_REF] Butcher | Capacity of driven piles with timeimplifications of re-use[END_REF], triaxial stress path where 𝐺 = ∆𝑞/(3∆𝜀 𝑠 ), (𝜀 𝑠 , deviatoric strain s = axial -radial), and empirical correlations with in-situ CPT tests. Based on Building Research Establishment (BRE) seismic cone tests, Chow (1997) compared values of Gmax measured by seismic cone with those from the triaxial tests on normally consolidated samples, as shown in Figure 1.8. In triaxial tests, Chow (1997) observed an anisotropic behaviour with an axial unloading which produces the highest shear stiffness, while Gvh from the seismic cone falls between this maximum value and the lower bound from axial compression.

(a) (b)

Figure 1.8 Comparison of the seismic cone measurements and triaxial results (after Chow, 1997) The secant shear stiffness as a function of strain is plotted in Figure 1.9 for dense triaxial samples tested at various YSR's after K0 consolidation to 𝑝′ 𝑚𝑎𝑥 = 200 𝑘𝑃𝑎 (which correspond to a depth of 30m). A shear modulus value of 111 MPa at 𝜀 𝑠 = 0.005% was observed in the compression test (TC) on a normally consolidated sample (YSR = 1), and twice this value (𝐺 = 230 𝑀𝑃𝑎) in the extension test (TE) for the same YSR condition.

On the other hand, other researchers demonstrated that the shear modulus could be correlated with in situ SPT or CPT values (e.g. Imai & Tonouchi, 1982). A simple relationship, between Gmax measured in resonant column tests and CPT tip resistance qc from calibration chamber tests, was revealed by [START_REF] Baldi | Modulus of sands from CPT's and DMT's[END_REF] and developed by Chow (1997) into the following equation: Figure 1.9 Secant shear stiffness as function of axial strain (Chow, 1997) This formulation was included in the ICP method for pile capacity prediction, as we will see later. The triaxial extension results for a sample at YSR=2 and the CPT correlation gave a good agreement with the seismic cone results as plotted in Figure 1.9. [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] performed some stiffness measurements with local strain measurements, for 𝐾 0 = 0.45 and obtained the maximum effective vertical Young's modulus (𝐸′ 𝑣,𝑚𝑎𝑥 ) values given in Table 1.3, in compression and extension.

In [START_REF] Kuwano | The stiffness and yielding anisotropy of sand[END_REF] results, it had been noted that the sign of the stress increment did not have any influence on the maximum stiffness value within the elastic region, meaning that compression (+∆𝜎′ 𝑣 ) and extension (-∆𝜎′ 𝑣 ) tests starting from the same initial 𝜎′ 𝑣 values should give equal 𝐸′ 𝑣,𝑚𝑎𝑥 values. Indeed, [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] results showed that there is a good agreement between the 𝐸′ 𝑣,𝑚𝑎𝑥 measurements made at similar 𝜎′ 𝑣 values in compression and extension. However, the extension tests (-∆𝜎′ 𝑣 ) tended to give values that are about 5% lower. According to Aghakouchak, this difference cannot be due to any ongoing compressive creep since its effect on 𝐸′ 𝑣,𝑚𝑎𝑥 should be to reduce stiffness in compression by adding compressive strains under similar Δq values.

Table 1.3 Maximum effective Young's modulus from K0 drained tests on normally consolidated samples [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] Chow (1997) performed interface ageing tests using saturated sand (water content between 21 and 25%) with high density (𝐷 𝑟 = 85%) and a normal stress 𝜎′ 𝑛 of 300 kPa. She opted for the use of newly manufactured (fresh) stainless steel plates shotblasted at the same roughness as the previous ones in order to eliminate the effect of corrosion. The samples were left to age for between 1 and 63 days and the shear box was protected from direct sunlight and covered with cling film to prevent evaporation. For these tests, the samples were sheared at 0.075 mm/min.

For these tests, no change in 𝛿 𝑐𝑣 was observed. However, higher shear rigidity (initial slope of the shear stress / shear displacement curve) and stronger dilation were apparent with sample age. As the reduction in sample height during the ageing periods was averaging 0.1% over the first 10 days (illustrating a creep behaviour of the material), and changes in strength were not significant, Chow (1997) concluded that the measured increase in rigidity with time was due to the micro-structural rearrangement of the sand grains and their contacts.

D. Field tests

Cone penetration CPTu tests are an indispensable means to characterize the stratigraphy and the mechanical properties of the soil, as well as the design of piles and their axial capacity. In addition to CPTu tests carried out during the PISA project, a specific campaign of 4 CPTu tests (CPT01 to CPT04) was performed in march 2017 by Lankelma company, in the vicinity of our small piles. The results are presented in Figure 1.10. Dynamic penetrometer tests Panda 2® were also carried out close to the small piles by our partner Sol Solution (https://www.sol-solution.com/nos-materiels/panda/). The Panda 2® dynamic penetrometer is a lightweight dynamic cone penetrometer, which has an over-sized cone (4 cm²) to limit the friction effects [START_REF] Langton | The Panda lightweight penetrometer for soil investigation and monitoring material compaction[END_REF]. The input variable energy is calculated and the dynamic cone resistance qd is then calculated following a modified Dutch formula, where:

𝑞 𝑑 = 1 𝐴 0.5 𝑀 𝑣² 𝑒 1 (1 + 𝑃 𝑀 ⁄ ) With: v: speed of the hammer, M: masse of the hammer, A: cone cross section, e: settlement, P: struck mass.

In the test area, nineteen Panda 2® tests (see Annex 1) were conducted. Below 1 m, we observed a spatial variability in qd which is smaller than the tip resistance qc obtained from CPTu tests (Figure 1.10b). From 1 to 2 meters, the dynamic tip resistance qd is found about 10 to 25 MPa in an area that we will subsequently call "the softer zone" and about 20 to 40 MPa in "the undisturbed zone" (Figures 1.11(a) and13). The analysis of the CPT and qd results leads to a zoning of the area which gives a central undisturbed zone surrounded by softer zones resulting likely from disturbance (except of P2-15). Globally, the comparison of the CPT and the Panda 2® results is conclusive and does not show any divergence as shown in Figure 1.11. Furthermore, it will be conclusive to compare the zoning with the tension load tests of the piles according to their location. [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] proposed methods based on CPT data for evaluating the short-term static axial capacity of single displacement piles in silica sands, based on the parameters presented in Figure 1.12. These methods aim at predicting the capacity that could be obtained in quasi-static load tests, performed around ten days after driving, on undisturbed piles (driven piles that were not tested previously). According to the ICP experiments (Jardine et al.2005), it is apparent that at failure, the local shear stresses acting on the pile shaft, τf, can be calculated following a simple Coulomb failure criterion: Where 'rf is the local shear stress at failure, f the interface critical friction angle, 'rc and 'rd respectively the equalised local radial effective stress and the dilatant increase in local radial effective stress during pile loading [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF].

(b)

Figure 1.12 Definitions of parameters for radial effective stress expression [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] At failure, the radial effective stress 'rf acting normally on the pile shaft is a function of 𝜎′ 𝑟𝑐 which is an equalised value obtained few days after installation (after stabilisation of pore pressures and radial stresses) and of 'rd representing the change in radial stress due to any other processes acting during pile loading. Note that 𝜎′ 𝑟𝑐 is related to the CPT tip resistance.

In the case of sand, the term 𝛿 𝑓 (the operational interface angle of friction) represents the ultimate value 𝛿 𝑐𝑣 , developed when the soil at the interface is not dilating or contracting anymore. This led us to the calculation of 𝑄 𝑠 , the external shaft capacity, by integrating 𝜏 𝑓 over the external pile area. In order to better evaluate 𝑄 𝑠 , [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] draw the attention of the users of this method to the following points:

-To sum the shear stress contributions, typical calculations require at least 15 sub-divisions of the pile shaft, to cope with the soil layering and variations of the key parameters such as 𝜎′ 𝑣0 , 𝑞 𝑐 and 𝛿 𝑐𝑣 , even when the soil profile is relatively uniform. Smaller increments are recommended near to the pile tip.

-Since the local CPT tip resistance 𝑞 𝑐 vary strongly with the initial relative density in the soil, it is the same for the local values of 𝜎′ 𝑟𝑐 , and they are related to the relative tip depth, ℎ, as shown in Figure 1.11. The radial effective stresses developed at any given depth decrease dramatically as the pile tip is driven beyond that critical depth level and h increases (friction fatigue) [START_REF] Lehane | Friction fatigue on displacement piles in sand[END_REF]. This attribute may differ with the installation process, pile surface and sand characteristics. However, it is the origin of the well-known predisposition in uniform sand for the average 𝜏 𝑓 to attend a quasiconstant limit at a "critical depth" of around 10D. It should be noted that quasi-constant average 𝜏 𝑓 values can be developed in a uniform layer even if the local values of 𝜏 𝑓 applying at any fixed distances above the pile tip increase with penetration depth.

-Given their geometry, open-ended piles tend to develop shaft resistance factors over their inner as well as outer surfaces. According to their experiments, the inner shaft components are focused near to the pile tip, and to simplify, [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] consider these factors as contributing to the overall base and external shaft factors. Therefore, these shaft and base components are calculated in a similar way to those observed in closed-ended piles (plugging).

-Development of a radial displacement, ∆𝑟, in the thin interface shear zone similar in magnitude to the average peak-to-trough centre-line roughness of the pile surface, 2𝑅 𝑐𝑙𝑎 , is essential for slip to take place. This displacement causes directly a change in the radial effective stress ∆𝜎′ 𝑟 that increases with the sand global shear stiffness, but it is inversely proportional to radius, by analogy with the cylindrical cavity expansion problem [START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF].

-The ultimate interface shear angle, 𝛿 𝑐𝑣 , depends on the sand properties (grain size, shape and mineral composition), and on the pile surface. [START_REF] Jardine | The design and performance of the Imperial College Instrumented Pile[END_REF] found that 𝛿 𝑐𝑣 is independent of initial relative density and increases with the relative roughness of the interface compared to the grain size, which can be expressed for relatively uniform sands as 𝑅 𝑐𝑙𝑎 /𝐷 50 (Rcla is the Central Line Average roughness)

Based on their experiments as well as the points mentioned above, [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] proposed the ICP-05 method in the form of the following equations:

Equation 1-3 𝜎′ 𝑟𝑐 = 0.029𝑞 𝑐 (𝜎′ 𝑣0 𝑃 𝑎 ) 0.13 ⁄ (ℎ 𝑅 * ⁄ ) -0.38 𝑅 * = (𝑅 2 𝑜𝑢𝑡𝑒𝑟 -𝑅 2 𝑖𝑛𝑛𝑒𝑟 ) 0.5 ; ℎ 𝑅 * ≥ 8 ⁄
In the case of tension tests: with 𝐺 𝑚𝑎𝑥 = 𝑞 𝑐 (𝐴 + 𝐵𝜂 -𝐶𝜂²) -1 where 𝜂 = 𝑞 𝑐 (𝑃 𝑎 𝜎 ′ 𝑣 ) -0.5 ; and ∆𝑟 = 2 𝑅 𝑐𝑙𝑎 ;

𝑃 𝑎 : 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 100𝑘𝑃𝑎, 𝐴 = 0.0203, 𝐵 = 0.00125, 𝐶 = 1.216 . 10 -6 valid for silica sands [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF]. The component ∆σ rd ′ represents the dilatant increase in local radial effective stress during pile loading and is related to sand shear stiffness, pile roughness and radius.

For open-ended piles calculations, 𝑅 * is the radius of an equivalent solid pile that had the same solid crosssectional area as the open-ended pile. The 𝑅 * substitution was developed from constant volume deep penetration analyses studied by [START_REF] Aubeny | Rational Interpretation of In-situ Tests in Cohesive Soils[END_REF] with the Incremental Fill Ratio (IFR, internal core length increment per unit pile penetration).

Based on the ICP-05 method, and both Panda 2® and CPT results, the estimated capacity of the piles have been calculated. It should be noted that the roughness of the piles was taken as equal to 3 µm for smooth piles and 10 µm for pre-corroded or shot-blasted piles.

Testing methods and materials

The test campaign in Dunkirk began in January 2016 and ended in December 2016. The 4 additional CPT were carried out in March 2017.

Piles

A total of 31 steel open-ended small piles were driven in the southeast part of PISA Project site (Table 1.4).

The piles had a variety of surface conditions. Indeed, 21 of them are made of smooth fresh E470 mild steel piles (subsequently denoted MS) driven in January 2016 (S1 to S20 and S25), 4 smooth fresh 316L stainlesssteel piles (subsequently denoted SS) driven in January 2016 (S21-Inox, S23-Inox, S27-Inox and S29-Inox), 4 slightly corroded reused mild steel piles (R1, R2, R3 and R4) driven in April 2016 (rough on the inner and outer surfaces), and 2 shot blasted (on the outer face) stainless-steel piles driven in July 2016 (RI5 and RI6). This surface diversity aims to evaluate the influence of the interface state on pile capacity and ageing effects.

The piles had an outer diameter (OD) of 51 and 50.6 mm and a wall thickness of 8 and 7.5 mm for mild steel and stainless-steel piles respectively. Their length is 2.2 m. Pile embedment was about 2 m. The distance between piles in the same line is 2 m east to west (40 times the pile diameter) and 3.5 m north to south to ensure no interactions between them.

Also note that 4 additional smooth and fresh mild steel piles (S22, S24, S26 and S28) were driven for a different study conducted by Sol Solution.

Table 1.5 presents all the test characteristics, the deadline for the test after installation, the driving process (at a constant SPT energy or at variable energy), the loading conditions as well as the size of the sand plug inside the pile, measured just after driving. Most of these data are summarized in Figure 1.12, as well as the undisturbed zone (higher qd zone) and softer zone (lower qd zone). The roughness Rcla was measured on the smooth and fresh piles prior to installation with a Surtronic 25 roughness tester. The roughness was similar for fresh mild steel and stainless-steel piles in a range of 2±1 µm. The 4 slightly corroded piles and the 2 shot blasted piles were rough (RCLA assumed to be larger than 10µm), even if part of the roughness was apparently erased during driving.

Piles installation

A Sol Solution Grizzly® machine (Figure 1.14) was employed with a maximum energy capacity (475 Joules/blow) equivalent to the SPT energy. The energy efficiency is about 60 to 70%. This machine also provides 3 other levels of driving energy (namely 25%, 50% and 75%): this option (subsequently it refers to as "variable energy") is used to drive a pile at a constant penetration rate for which the energy level is adapted (Table 1.4). The machine also allows a quite good control of the verticality of the piles. Blow counts for each tests are reported in Appendix 2.

Figure 1.14 Sol Solution Grizzly® machine

Four MS piles were completely extracted after 4 months, then let in atmospheric conditions to induce corrosion and re-driven as 'pre-corroded' piles (R1, R2, R3 and R4). Their higher roughness in both their outer surface and their inner face led to lower Plug Length Ratios (PLR, defined as the internal plug length divided by the pile embedment depth) than the fresh piles. 2 SS piles were also extracted and shot blasted on their outer surfaces before re-driving them in July 2016 (piles RI5 and RI6). The measurement of the roughness was not feasible for MS piles R1 to R4 or SS pilesRI5 and RI6 as their 𝑅 𝑐𝑙𝑎 values were higher than the Surtronic 25 measurement capacity. However, the roughness 𝑅 𝑐𝑙𝑎 was estimated to be at least or larger than 10 µm.

As presented in Table 1.5, piles S1 to S9 were driven with the Sol Solution Grizzly® machine at its maximum SPT energy level (475 Joule). Note that these piles were in the lower resistance zone detected by the Panda 2® tests. The other piles sustained lower rating (25% to 100%) to achieve constant penetration rates and Figure 1.15 shows the blow-count envelopes. Generally, the mild steel piles S1 to S20 needed about the same number of blows for their installation. On the other hand, there is a certain difference in this number of blows required between fresh stainless-steel piles and shotblasted stainless-steel piles. This difference can be attributed to the rougher surface of the shotblasted piles.

Table 1.5 shows the pull-out capacity as well as the Plug Length Ratio (PLR) for each pile. corroded, 3 shot blasted, *Pile was used previously in this study as fresh MS or SS. SPT: standard penetration test, + subject to prior dynamic loading at a low energy level. Failure defined at peak.

Loading set-up

The model piles were subjected to static tension tests, in a load-controlled mode with steps of 10 % of the estimated capacity maintained 15 minutes, at seven different time intervals : 1, 14, 28, 90, 175, 272 and 315 days after driving with the attention of evaluating the effects of time on the pull-out capacity of the small piles.

The loading device comprised 4 steel beams (two IPE270 and two HEB160) placed horizontally that transferred the load to timber foundations in contact with the soil ground at a reasonable distance (more than 1 m) from the tested pile (Figure 1.16). A steel tubular extension of the same diameter than the pile is screwed to the top part of the tested pile. This extension crosses an element placed on the reaction frame, an Enerpac manual hydraulic jack acting through a load cell on the pile, a ball joint to prevent any parasite effect (bending moment).

The tension load was measured on a load cell, HBM C6A, with a maximum capacity of 1 MN. Load increments were set initially at 10% of the estimated tension capacity and maintained for 15 minutes. The standardized process requires steps of 1 hour, but it has been observed an almost constant upheaval of the pile after 15 minutes (which is not the case close to the failure when a continuous upheaval occurred).

The initial capacity after installation was estimated following the ICP method [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF], requiring pile characteristics (dimensions and roughness) and CPT profile. For most tests, experiments were conducted beyond the conventional definition of failure, (e.g. at 10% of pile OD). It should be noted that the larger piles driven in Dunkirk required smaller normalised displacements to reach the tension failure (Jardine et al. (2016)).

The uprising displacement was measured by two Linear Variable Displacement transformers (LVDTs) transducers, HBM WA200 mm, supported by vertical stands set 0.7 m on either side of the pile's axis (Figure 1.16). Except in some cases for which one of the two transducers has failed, the uprising displacement is the average value of the two measurements. A third LVDT measured the loading system deformation between the hydraulic jack and the load cell. Also note that strong winds affected displacement measurements in some tests. In this kind of case, we have reset the LVDTS to zero in the middle of the test. Load-displacement curves for mild steel piles are presented in Figure1. 17 and values of tensile capacity are reported in Table 1.5. Figure 1.17 Load -displacement curves of mild steel piles

The piles were tested according to the scheme shown in figure 1.19. The ageing interval increases from left to right. One day after installation, initially smooth mild steel piles exhibited a tensile capacity (tension load) of about 30 kN, in good agreement with the predicted capacity, with a small variability due to the local change in soil properties (Figure 1.17, Figure 1.19). In particular, independent of the deadline, piles S1 to S9 located in the lower resistance zone detected by Panda 2® tests, showed systematically lower capacities than piles S11 to S20 located in the higher resistance zone, whatever the deadline maybe.

A clear increase of capacity gradually tends to a mean value of 70 kN, 315 days after driving. It is also noticeable that the stiffness does not reveal any significant change with time, which is consistent with the larger diameter piles [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF].

No repeatability tests were done on corroded rough mild steel piles. It is therefore less easy to conclude on the evolution of the capacity. However, the capacity after installation was larger for rough piles (about 50 kN, higher than the estimation shown in Figure 1.18) than smooth ones (30 kN) and it reached higher values at long term (up to 90 kN). This can be explained by the initial state of roughness of the piles. Indeed, the asperities present on the surface of the piles facilitated the attachment of the grains of sand on the surface thus rejecting the shear band into the soil. After complete extraction, all the mild steel piles initially fresh presented variable degrees of corrosion as well as, over a distance of about 1 meter from the bottom tip, where stresses induced by the driving process were more intense, a crust of sand attached to the piles (Figure 1.24). The maximum thickness of the crust, also exhibiting traces of rust, was about 2 mm. It therefore induces a change in the interface nature (shearing occurred in the sand mass), an increase of the apparent diameter (the shear interface is extended in the sand mass due to sand adhesion), an increase of the roughness and also an increase of the interface friction angle. 

Stainless steel piles

Force -displacement curves for all the stainless-steel piles, initially smooth (S21-Inox, S23-Inox, S27-Inox and S29-Inox piles) or rough (RI5 and RI6 piles), are presented in Figure 1.20. The apparent smaller stiffness for S23-Inox pile results from an unstable position of the displacement transducers. Whatever the deadline may be, the tension capacity varied in a small range, from 25 to 30 kN. It does not show any significant increase as was the case for mild steel piles. In spite of a larger initial roughness, the two shot-blasted rough stainless-steel piles have similar capacities than smooth ones. We assume that the driving process partly erased asperities created by shot blasting and the roughness during tension testing was less than the initial one. No crust of sand was also observed attached to the pile after extraction. We can conclude that the main difference between stainless-steel and mild steel piles results is the effect of corrosion. This effect can be here acknowledged as a physico-chemical ageing mechanism. The displacements at pile head and at peak load exceeded the 10% OD (Outer Diameter) limit at which the capacities are often conventionally defined. We noticed that the MS piles set up markedly, but they showed no systematic increase in axial stiffness as for larger diameter piles tests made by [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF] at Dunkirk site: even if ageing trends are similar for small diameter piles or large diameter piles, originating mechanisms are probably not the same. The larger piles driven at the site required notably smaller proportions of their OD to reach tension failure. In general, the small piles showed an evident softening response after apparent peak tension capacity. The tests investigated capacity variations between the fresh MS, corroded MS, initially smooth SS and preshot blasted SS piles. The fresh MS and SS piles did not set-up significantly over the first day after driving as shown in Figure 1.21. More, the capacity of the pre-corroded pile (R1) tested after 1 day was 1.6 to 2.0 times higher than the relatively smooth fresh MS pile.

Shaft capacity trends with time

The MS corroded piles showed an increase in capacity of approximately 50% from 1 to 223 days (Figure 1.21). Shaft roughness increases initial static capacity considerably (Tables 1.6 and1.7). The increase in capacity for the MS fresh pile from 1 to 315 days was 133%. This increase in capacity is greater than that for the MS corroded piles. The corroded MS and fresh MS piles all developed long term capacity growth. Despite the scatter, the trend lines show steeper (in a semi-logarithmic scale) medium-term gains for the fresh MS piles. It is interesting that the tentative trend lines of the corroded and fresh piles both tend towards maxima around 1.6 to 2 times the 1-day reference capacity. These ratios are slightly below the 2.5 gains seen with larger piles driven at Dunkirk (see Figure 1.1).

All the SS piles showed no set-up over the testing period. It is interesting to note that the smooth SS and shot-blasted SS piles delivered similar capacities, suggesting that their surface treatment did not modify their relatively hard surface as greatly as expected.

Average shaft shear resistances

It is important to consider the piles average failure shaft shear stress (τavg) variations with time in Figure 1.22. The average shear stress 𝜏 𝑎𝑣𝑔 = 𝑉 𝐴 , with V the pull-out force at failure and A the area of the shaft. In the same figure, the τavg average shaft shear resistances from the larger piles reported in Figure 1.1 and the average sleeve friction resistance (fs) over the embedment interval from the closed CPTs are reported, which vary up to 150 kPa. The MS small piles developed higher shaft resistances at all ages than the larger piles, despite their shallow depths. This may be attributed to particle-to-pile ratio scale effect resulting from the interface shear band (the thickness of which is defined by grain size), that develops around the shaft. In fact, the Dunkirk sand grain size is about 0.26 mm giving an interface shear band of 2 to 3 mm. For small piles, this thickness is more significant than for larger piles. 1.4.2.4 Piles subjected to pre-compression Design rules do not consider the positive effect of ageing on pile shaft capacity. One possible reason refers to the durability of this mechanism, in particular the serviceability conditions when the piles are subjected to loads. In order to assess the permanence of the set-up benefices, six piles were submitted, before tension tests, to a dynamic compressive load. The Grizzly ® machine was therefore used to re-drive the piles at different energy levels. The mild steel piles S25, S26 and S28 were subjected to compressive loads at the SPT energy level before pull-out testing. Due to these compressive loads, on pile S25, an additional penetration of about 2 mm was measured, whereas for piles S26 and S28, additional penetration (due to successive sequences of dynamic loadings) was approximately 10 centimetres. Similarly, piles S14, S13 and S7 were also subjected to impacts at energy levels corresponding to 75%, 50% and 25% of the SPT energy, respectively, to investigate the effect of the load amplitude on the possible degradation of the set-up.

When compared to intact piles (e.g. no prior dynamic compression), at the same age of testing, piles redriven with a fraction of the SPT energy did not present any significant degradation of the tension capacity (Figure 1.23). On the contrary, piles strongly re-driven at the SPT energy level showed a dramatic decrease of their capacity to a value close to the capacity after installation. Pile S7, that was subjected to prior impact loads at the SPT energy level, was let in place after tension testing and re-test some months later to see if set-up could be re-activated (such as cementation or particle reorganisation). No evolution of the tension capacity was noticed. However, further work is needed (i) to conclude if the set-up effect is permanently lost or if the rate of the set-up is only greatly slowed and (ii) to confirm that a threshold exists, below which ageing benefits could be considered for a design purpose. 

Ageing aspects

The interpretation of the results leads to the general observation that the MS piles showed an increase in capacity and the SS piles had no increase in capacity with time. For the fresh MS and corroded MS piles, the interface that shears to failure is considered to be at a certain distance from the pile which places it inside the sand mass. Over the pile's extraction phase after testing, we clearly observed that the sand bonds to the pile. The bonding process contributes to increasing the dilation, the interface friction angle and the physical expansion of the pile with time. At the granular scale, the particles rearrangements and bonding are significant for increasing the piles capacity over time. The pictures, in Figure 1.24, show sand glued to the pile after extraction and the layer of sand collected on the surface of the pile. This observation demonstrates the processes of oxidisation and cementation which are time-dependent and occur at the pile-shaft interface and at distance from the pile surface in unsaturated soils above the water table. Note that only the lower part of the 2m-long MS piles were subjected to the cementation. 1.5 Other sites tests: Blessington and Larvik

Site description

The Blessington test site (Figure 1.25), located 25 km southwest of Dublin, is a glacial deposition coupled with recent quarrying implying an overconsolidated state of the location [START_REF] Gavin | Effect of friction fatigue on pile capacity in dense sand[END_REF][START_REF] Gavin | A field investigation of vertical footing response on sand[END_REF][START_REF] Doherty | Soil Properties at the UCD Geotechnical Research Site at Blessington[END_REF]. The soil is composed of a very dense (Dr ≈ 100%) glacially deposited mediumto-fine sand which comprises quartz and hard limestone (CaCO3) grains giving alkalinity to the sand. The sand grain distribution is presented in Figure 1.26, mechanical soil properties are summarized in Table 1.9, and the chemical characteristics are given in Table 1.10. Eight CPT tests performed in a grid pattern across the site were reported by [START_REF] Prendergast | An investigation into the effect of scour on the natural frequency of an offshore wind turbine[END_REF]. The results showed qc average increasing from 10 MPa to 15 MPa at 3 m, as shown in Figure 1.27. Values of about 11% in water content were recorded over the first 2 m and 10 to 12 kPa suctions were measured in-situ with Decagon T4 tensiometers with filter lengths between 0.30 and 1.15 m. The Gmax profile taken from surface waves analysis (MASW) [START_REF] Prendergast | An investigation into the effect of scour on the natural frequency of an offshore wind turbine[END_REF] and in-situ suctions are presented in Figure 1.27. Both rough mild steel (MS) and Galvanized steel (GS) piles were tested. The Norwegian Geotechnical Institute's (NGI's) test site (Figure 1.28) was established by [START_REF] Karlsrud | Significant Ageing Effects for Axially Loaded Piles in Sand and Clay Verified by New Field Load Tests[END_REF] in the Larvik municipality (Norway). The sea level is 2.4 m below the ground surface. The soil is constituted of 2 m of loose-to-medium dense fluvial silty sands and silt layers present to more than 22 m. The sand's average grading curve indicates 5 to 20% silt, as shown in Figure 1.26. X-ray diffraction (XRD) testing on a 7.9 m deep sample indicated 25% quartz, 37% feldspars and 38% plagioclase and no clay minerals (NGI, 2009). Nine CPT tests within the test area showed tip resistances qc-min and qc-avg consistently around 1 and 2.1 MPa, respectively, over the 3.5 to 7 m depth range, while qc-max had greater variation (2.8 to 5.5 MPa), as presented in Figure 1.29. They are typical of loose sands. Also, cone excess pore pressures were measured at the u2 position. Their values were generally positive and around 30 kPa (Figure 1.29).

Ring shear interface and triaxial tests were performed at Imperial College on borehole samples giving the parameters presented in Table 1.9. Chemical investigations point out the acidic groundwater condition (Table 1.10).

Rough Mild steel (MS) piles as well as Stainless Steel (SS) piles were tested in Larvik. 

Piles installation

A summary of information about the small-piles tested in these two test sites is presented in Table 1.11, and details of plug formation after the pile installation as the final plug length ratios (PLRs) as reported in Table 1.12. In total, four pairs of 60 mm OD, 4 mm thick mild steel (MS) and galvanised steel (GS) open-ended piles, were driven in January 2016 at Blessington site (Figure 1.25). The MS piles were mildly pre-corroded and the GS piles were manufactured with molten zinc dipping, which left a relatively rough surface with Rcla values of about 10 µm for both pile types. The first meter of soil where each pile was due to be placed was auged to avoid contact with superficial material. The piles were initially planned to be driven using a handheld metal post driver. However, all piles effectively refused after penetrations of 0.5 to 0.7 m. An over-sized 4 t hammer was employed the next day to achieve the final 2.75 m tip penetrations. It was observed that no-change of capacity with time was observed for both the MS and GS piles. This is probably related to the use of an oversized hammer. In fact, the limit pressures which depend on the sand properties and free field effective stresses (Yu and Houlsby, 1991) have probably been reached earlier after driving. These limit pressures may cap the shaft resistance and therefore any ongoing ageing process such as radial effective stress, further corrosion or shaft roughening.

At Larvik test site, seven 50 mm OD mild steel (MS) and two 48.2 mm OD stainless steel (SS) open-ended tube-piles were driven to 6.2 m tip depth. The piles were installed through cased holes pre-bored to 3.8 m depth, which give an embedment length of 2.4 m (Figure 1.28). The MS piles were pre-corroded for 4 months exposure on site before driving, and the SS piles were air abraded. The average Rcla roughness of the MS and SS piles were measured with a Mitutoyo Surftest SJ-210-Series-178, which gave values of 8.5 and 9.8 µm, respectively, matching the typical Rcla ≈ 10 µm of industrial piles [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF]. The installation of the piles required the use of a 0.62 kN weight drop-hammer falling between 0.20 and 0.35 m transmitting energies between 74 and 130 Joules/blow (respectively 16 and 27% SPT energy), with 60% efficiency.

Testing set-up

The choice of procedures and arrangements varied according to the test sites.

At Blessington, the static load tension tests took place 2, 21 and 78 days after installation. It should be noted that the 121-day MS1 pile was abandoned due to damage during driving, and the equipment had dysfunctions in the 121-day GS pile. The testing frame was very similar to the Dunkirk one (Figure 1.30). Displacements were measured with a reference beam and three LVDTs. The load was applied using an Enerpac manual hydraulic jack with ≈ 5 kN load increments. The load cell and LVDTs transmitted the data to a Campbell Scientific data logger at 0.1 s intervals then transferred to a computer. Load increments were maintained for 30 s and tests were over when it was not possible to held loads by jacking. The final displacements exceeded 20 mm, representing 33% of pile OD. The Larvik piles were tested 1, 14, 21, 78, 189, 315 and 696 days after driving with the equipment shown in Figure 1.31. The pile head, attached to an extension rod, was connected through a load cell, to a suspended hydraulic cylinder actuated by a GDS ADVPC advanced pressure/volume controller. Load steps were held constant for 20 min. Time, load and displacements relative to the pre-installed casing (assumed not affected by loading), were recorded with a Signal Express logging system. Tests terminated when load showed no further evolution with displacement. The final displacements exceeded 7 mm, representing 14% of pile OD. Before refusing to penetrate, Blessington piles achieve initial embedments between 0.5 to 0.7 mm/blow using the post-driving system requiring about 90 blows. Thus, only 15-20 further blows were sufficient to achieve penetration the next day (Figure 1.32) with the 4-t hammer implying large energies (falling 200 mm, up to 5000 Joules/blow) and great final sets (≈ 60 mm, or 1 OD/blow).

Figure 1.31 Total number of blows plotted against depth (Carroll et al. 2019) On the other hand, for the Larvik piles, as penetration advanced, the driving drop-weight heights increase from 0.2 to 0.35 m, which gives the blow-count envelopes and means shown in Figure 1.32. The SS piles showed higher PLR ratios than the pre-corroded MS piles with PLRs values ranging from 0.29 to 0.60 (Table 1.12).

Load-displacement behaviour

Load-displacement curves are presented in Figure 1.33 and the results are summarised in Table 1.12. From these results, it appears that the Blessington pile displacements at peak load exceeded 10% OD limit at which capacities are often defined, while the Larvik piles reached ductile plateaux after about 12% OD, as shown in Figure 1.33. In terms of resistance, the Blessington piles capacities were up to 20 times those available in the loose, submerged and silty Larvik site. The Blessington piles showed practically no change in capacity with age, while Larvik piles showed greater gains in capacity. The peak tension capacities of Larvik and Blessington piles were normalised by those of rough or precorroded MS piles tested at the 1 to 2 days (Figure 1.34).

The pre-corroded MS piles driven at Larvik observed upper limit capacities of about 2.2 times the 1-day capacity after 315 to 696 days. Note that their set-up coefficient was less than the equivalent one (≈2.9) for the 508 mm OD piles after 200 days [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF]) (Figure 1.34).

On the other hand, the Larvik SS piles capacities stayed at the pre-corroded MS piles 1-day capacity, as it was the case in Dunkirk. The piles 12 and 6 installed in the "east-end" tend to plot above the piles 3, 4 and 5 installed in the "west-end" because the qc values increased by ≈ 15% west to east across the test site. It should be noted that the comparatively low capacity of pile 2 is explained by its shorter period of exposition, pre-corrosion and roughening before installation.

Figure 1.33 Load-displacement for selected tests with 10% OD marker (Carroll et al. 2019) The same comparison was made for the Blessington piles (Figure 2.34), and it was noticeable that the MS and GS piles showed no set-up. Carroll et al. attribute this to the use of an oversized hammer which led to a rapid onset of the limit pressures (see section 2.5.2.2).

Average shaft shear resistances

The average failure shaft shear stress (τavg) variations with time of the small-piles as well as for the larger piles, and the average sleeve friction resistance (fs) over the embedment interval from the closest CPTs, which vary from about 20 kPa for Larvik to about 150 kPa for Blessington (Figure 1.35), are important indications to take into account. The pre-corroded rough small-piles τavg stresses exceed or match fs from day 1 at Blessington, but only climb towards 0.75 fs after a year at Larvik.

Figure 1.34 Average shear stress with time, small and larger diameter piles (Carroll et al. 2019) In a relatively uniform qc profile, the shaft capacities of the Blessington small-piles, almost constant with time, were consistent with the long-term upper limit achieved by the large piles [START_REF] Gavin | The effect of ageing on the axial capacity of piles in sand[END_REF] and the average fs values developed in the monotonically jacked CPT tests. These ageing aspects observed for relatively long piles (L/D = 29.2) match the hypothesis that upper limits may cap the shaft resistance, and consequently the radial effective stresses that can be developed, despite corrosion, shaft roughening or any other ageing process. Otherwise, the only explanation of the piles limiting capacities reached at an early age was the 4-t hammer very high driving energy giving large penetration/blow.

The post-mortem visual of Larvik small piles is presented in Figure 1.36. The spare MS and SS piles that had been left on site gave average Rcla roughness values of 8.5 and 9.8 µm respectively with a Mitutiyo Surfest SJ 210 Series 178. The latter concorded the typical Rcla ≈ 10 µm of industrial piles [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF]. The Blessington piles were not extracted. However, [START_REF] Gavin | The development of skin friction on pipe piles in overconsolidated sand[END_REF] in situ experiments at Blessington showed that crusts of crushed sand were formed around the shafts helping undergoing chemical process during ageing. Several methods for predicting the piles capacity based on their properties as well as the characteristics of the test sites have been proposed. Therefore, it would be interesting to use them by normalising the capacity measured by the predicted capacity. If suction is not a predominant parameter for Larvik since the piles were submerged, even small suctions may be important for the in-situ effective stress of small piles, 𝜎′ 𝑣0 , which have been evaluated for all API, ICP and NGI calculation by treating the profiles as a saturated case and adding the measured suctions to the total vertical stresses.

Three design procedures were used to normalise the measured capacities in Larvik, Blessington and Dunkirk sites: API (2011), NGI-05 and ICP-05. However, the API ( 2011) is not applicable to loose sands, so the previous API (1993) version was applied to the Larvik piles.

The API (2011) procedure presumes that the local shear stress 𝜏 𝑓 = 𝛽𝜎′ 𝑣0 , where 𝛽 is a factor depending on the in-situ relative density and grain size distribution. On the other hand, the NGI-05 method is based on the tip resistance 𝑞 𝑐 as the major soil parameter to estimate the local relative density. It is assumed that 𝑞 𝑐 and 𝜎′ 𝑣0 control the shaft resistance changes. It should be noted that API and NGI-05 methods do not consider pile diameter, shear modulus G or shaft roughness to calculate the local shear stress at failure, 𝜏 𝑓 . The ICP-05 design procedure, developed from field tests, calculates the shaft failure in tension tests.

From these equations, it appears that 𝜎′ 𝑟𝑓 , the radial effective stress acting on the pile shaft at failure, is depending on 𝜎 ′ 𝑟𝑐 , the equalised shaft radial effective stress, and ∆𝜎 ′ 𝑟𝑑 , the change in shaft radial stress related to dilation at the interface when the pile is loading, calculated as: Equation 1.5 ∆𝜎′ 𝑟𝑑 = 4𝐺𝑅 𝑐𝑙𝑎 𝐷 ⁄ [START_REF] Lehane | Experimental investigations of displacement pile behaviour using instrumented field piles[END_REF], Chow (1997)).

Though, [START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF] and [START_REF] Gavin | The development of skin friction on pipe piles in overconsolidated sand[END_REF][START_REF] Gavin | The effects of pile ageing on the shaft capacity of offshore piles in sand[END_REF] demonstrated that dilation offers a significant contribution to aged industrial piles. The Dunkirk MS load displacement curves showed that interface dilation became more important with time. Yet, the SS and GS small piles showed no set up, which means that additional physiochemical processes are necessary to promote ageing.

For the loose and silty Larvik sand, the ICP equation (1.5) over-estimated the contribution of the constrained dilation. While it under-estimates even the immediately after driving capacity of dense and partially saturated sand at Dunkirk and Blessington.

To achieve these calculations, the in-situ shear stiffness G of the sand is required. However, it is difficult to determine it for the small piles driven above the water table. For this reason, Carroll et al. (2019) applied the expressions of [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] for 𝐺 𝑚𝑎𝑥 as a function of 𝑞 𝑐 for Larvik piles, while the seismic CPT and MASW measurements made at Dunkirk and Blessington, respectively, gave precise information about the undisturbed in-situ 𝐺 𝑚𝑎𝑥 . According to [START_REF] Jardine | Interpretation of stress measurements made around closed-ended displacement piles in sand[END_REF]'s conclusions, the operational values can be increased by the effective stress changes implied by pile driving and can be affected by anisotropy or even reduced if the response to shaft loading to failure is non-linear.

Capacity normalisation results

The input parameters for the small piles and the calculated tension capacities at 1 day (𝑄 𝑠𝑐 ) for all three sites are presented in Table From all these comparison elements, we observe that Dunkirk small -piles tension capacities were 1.6 to 1.8 times greater at 1 day than estimated by ICP-05 or NGI-05, and 9.9 times greater than predicted by API (2011). Despite the absence of increase in their capacities, the SS small-piles also had higher capacities than estimated with a constant 𝑄 𝑠𝑚 /𝑄 𝑠𝑐 ratio of about 1.5. On the other hand, the MS piles ultimate capacity had a ratio ranging between 2.1 to 2.6, similar to the larger piles tendency (Figure 1.37). Note that the initial 𝑅 𝑐𝑙𝑎 of the fresh MS piles in Dunkirk was assumed to be equal to 2 µm and to change after 14 days to a value of 10 µm. 

2019)

Regarding the Larvik piles, the short-term small piles capacities are over-estimated by API (1993) and slightly under-estimated by NGI-05 method. Despite the Larvik MS piles show distinct set-up over months after driving, it was smaller than the large piles one (Figure 1.37). Moreover, the ICP-05 procedure over-predicted considerably the small piles initial resistance with 𝑄 𝑠𝑚 /𝑄 𝑠𝑐 = 0.23, while it matched greatly to the 508 mm Larvik piles short-to medium-term capacities, as shown in Figure 1.37. This ICP-05 over-estimation could be explained by the ∆𝜎′ 𝑟𝑑 component providing 85% of the small -pile capacity for less than 10% for the larger diameter piles (Carroll et al. 2019). At Larvik as well as Dunkirk sites, the MS small piles capacities increased with age, but their final relative set-up factors were lower than those obtained earlier with 457 mm piles as presented in Figure 1.37.

Finally, the Blessington small piles capacities averaged 7.7 times the API (2011) estimation and 2 times the NGI-05 one. In spite of their 2.1 ratio with the ICP-05 prediction, it remains unchanged over time, and falls 15% below the long-term ratio of 2.5 for the larger piles (Figure 1.37). The hypothesis puts forward by [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF], [START_REF] Lim | Set-up of pile shaft friction in laboratory chamber tests[END_REF], [START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] and [START_REF] Gavin | The effects of pile ageing on the shaft capacity of offshore piles in sand[END_REF], that the long-term capacity is capped by an upper limit, could be explained by the rapidity of the Blessington small piles to reach this limit impeding any other ageing process to develop. This quick set-up is probably due to the energy used to drive these piles using the 4-t hammer by a full diameter per blow, which can be assimilated to a jacking process.

In this sense, [START_REF] Gavin | Effect of friction fatigue on pile capacity in dense sand[END_REF] argued that pile resistance at Blessington is significantly related to the installation process, by installing piles with long jacking strokes which developed shaft capacities close to the 𝑓 𝑠 values given by the CPT testsHowever, El Haffar (2019) studied the effect of the installation method on the tensile axial response of model piles installed in Fontainebleau NE34 sand using centrifuge modelling tests at 100g. The jacked pile exhibited the smallest shaft resistance (30 MN at the prototype scale) and the smallest tension stiffness (309 MN/m) compared to simulated driven piles. Hence, the tensile shaft resistance and stiffness respectively increased up to 50 MN and 523 MN/m for piles driven into the sand by 100 successive displacement-steps of 2,5 mm, between each the force is re-set to 0. In these centrifuge tests, there is a clear trend between the axial tension capacities and the driving process defined by the product number of steps * displacement induced in each step, the product always equal to 250 mm at the model scale (for instance the jacketed pile correspond to 1 step * 250mm). The different pile materials and surfaces gave insights into the physico-chemical processes. The similarity of the initial capacities developed by the MS and SS or GS piles depending on the test site, reflects the soil conditions, piles dimensions and initial roughness. Though, only the Larvik and Dunkirk MS small-piles showed capacity growth over time. This observation could be explained by the physico-chemical processes leading to corrosion on these small piles. Besides, the reaction magnitude may be interpreted as a function of pile surface and soil conditions, ground temperature, meteorology and chemical actions. Despite the different conditions ranging from the acidic, loose, silty and submerged Larvik sand to the dense, clean, alkaline Dunkirk sand, the impact of the physico-chemical features seemed to grow at comparable overall rates.

Enhanced dilation

Additional increases in static radial stresses might be caused by corrosion processes due to expansion of pile volume as less dense as corrosion products form at the shaft. Modification of the shaft (crust development) and cementation also affect meaningly effective diameter and 𝛿 𝑐𝑣 angles nearing the critical soil-soil 𝜙′ 𝑐𝑠 values.

The trend on the Dunkirk MS small piles load-displacement graphs indicates that interface dilation became more significant over time. The absence of capacity increase for the SS and GS small piles implies that physico-chemical processes engaging MS material are needed to produce additional radial displacements contributing to increasing the shaft resistances by raising the interface shear angle 𝛿 𝑐𝑣 to 𝜙′ 𝑐𝑠 . In fact corrosion reactions (MS piles) give additional growth in static radial stresses due to an increase of pile volume as corrosion provokes cementation and adhesion of sand onto the pile shaft. This modification at the shaft (Figure1.24 showing crust) and cementing with iron also cause a slight expansion in pile diameter. This results in a probable increase in dilation and 𝛿 𝑐𝑣 angles that could approach the peak critical state soil-soil 𝜙′ 𝑐𝑠 . The shift to 𝜙′ 𝑐𝑠 leads to tan 𝜙′ 𝑐𝑠 tan 𝛿 𝑐𝑣 ⁄ contribution in capacity providing an additional 25 to 35% in silica sand for piles of any diameter.

Pile driving method

The use of the 4 t oversized hammer during the Blessington small piles driving led to similar conditions than pile jacking and explains the lack of set-up, even by physico-chemical factors. This absence of capacity growth contrasts with the large piles results showing great set-up factors as shown in Figure 1.37. This insight is confirmed by other tests at Blessington conducted by [START_REF] Chatta | Investigation of installation effects and cyclic loading on piles in sand[END_REF] on 73 mm OD closed-ended jacked piles and tests on 75, 100 and 114 mm open-ended driven piles by an SPT hammer conducted by [START_REF] Gavin | The development of skin friction on pipe piles in overconsolidated sand[END_REF]. The oversized driving method reduces the radial effective stresses around the pile shaft and enlarge the capacity growth than the small piles high-energy installation, which accelerate the short-term capacity increase falling close to the upper limits as shown in Figure 1.37 (see section 1.6.2).

Environmental conditions

The broadly similar climatic conditions of the three sites and the lack of set-up in SS and GS cases at any of these sites proofs those seasonal variations in temperature or soil microstructural changes had no effect on piles ageing.

Conclusions

In the aim of studying the short and long-term behaviour of driven open-ended small piles and better understanding the mechanisms behind ageing (or set-up, defined as the time-dependent increase in pile capacity) in sands, a series of field pull-out tests was launched in January 2016 at Dunkirk site. Only the friction mechanisms acting on the pile shaft is studied. The variability in interfaces as well as the variation of ages were used to assume that corrosion (chemical effect) is an important feature in the observed set-up of small piles.

The results showed an increase in capacity for the MS piles and no increase for the SS piles with time. For the aged MS or initially corroded piles, the interface that shears to failure is considered to be inside the sand mass. The bonding process contributes to increasing the dilation, the interface friction angle and the physical expansion of the pile with time. At the granular scale, the microstructural rearrangements and bonding are significant for increasing the piles capacity over time.

In parallel, two other test campaigns were conducted in Larvik and Blessington. As for Dunkirk, the piles had different surface states. The importance of pile diameter, steel corrodibility, surface roughness and ground conditions on ageing behaviour were studied. Furthermore, the influence of driving process was also investigated. A comparison of the results of the three sites led to the following conclusions:

-As at the same sites, the larger industrial piles developed higher ageing factors than the small piles, we can conclude that pile diameter has an influence on ageing rates.

-The importance of pile material, its roughness and the physicochemical process:

• The mild-steel small piles in both submerged silty-loose Larvik sand and clean dense unsaturated sand had a set-up governed by the physico-chemical processes. This conclusion comes from the absence of set-up for the stainless or galvanised steel piles. For these piles, with the absence of physico-chemical processes, there was no independent ageing mechanism, such as gain in shear stiffness, dilation due to creep, increased grain interlocking or radial stress redistribution. It is important to note that in submerged conditions, corrosion develops less quickly than in unsaturated conditions.

• It was confirmed that the pile roughness and constrained dilation influence the small piles gain of capacity. This postulate was already implemented in the ICP-05 method using the interface shear tests and relating the interface dilation to sand stiffness and pile diameter (Equation 1.2).

-Sites factors:

• The absence of set-up for the stainless-steel piles showed that variations in temperature and pore pressures have negligible influence.

• At Blessington site, the corrodible piles did not show ageing effects, which proves that the installation method has an important influence. Strong oversized driving process diminishes the radial effective stresses and gives short term capacities close to the upper limit developed after long ageing by conventional driven piles method.

• The ICP-05 method gives credible capacity estimations for the larger piles. However, it overpredicts the Larvik small piles shaft capacities in loose silty sands and under-estimates those in the dense sands. Equation (1.5) should probably be lowered when loose silty soils are considered.

-The upper shaft capacity limit:

• Considering the pile surface roughness related to failure, shaft capacity upper limits were observed at all the three sites, by small and large diameter piles, going up to 2.1 to 2.5 times the medium-term ICP-05 estimations.

• The initial capacities of most of the piles were far below this upper limit, giving way to number of ageing mechanisms applied in the field over time getting to the site-specific maximum rates. These rates could be controlled by limit pressures linked to a cylindrical cavity expansion process around the pile shafts.

• This conclusion excludes: (i) the small piles installed in loose silty Larvik sand, that was overpredicted by the ICP-05 method and (ii) the stainless-steel small piles driven in Dunkirk sands showing no set-up, even if their initial capacities gone beyond the ICP-05 estimations by around 50%.

2.

Chapter II Review of the literature

Introduction

In order to establish a link between the results we obtained on the site and the conclusions of the previous studies, a review of the literature is presented in this chapter.

The second section of this chapter is dedicated to the different mechanisms at the origin of sand ageing and referenced observations of evolutions in sand properties with time, illustrated in:

• small strain modulus and stiffness;

• shear strength;

• penetration resistance;

• pile set-up.

In order to better understand the comparison made between small and large piles, the scale effect on base resistance and shaft friction is discussed in Section 3.

Three projects conducted in sandy sites close to Dunkirk are also described in the Section 4. This allows to better understand the site conditions and its testing history.

The final section concerns the potential ageing mechanisms that may govern the sand ageing and pile setup such as: (i) chemical processes; (ii) mechanical mechanisms; (iii) effect of dynamic disturbance and pore pressure dissipation; and (iv) biological effects.

Sand ageing effects

In this section, we will discuss the effect of ageing on small strain modulus and stiffness, shear strength, penetration resistance, pile set-up and the friction fatigue phenomenon.

Small strain modulus and stiffness

Using resonant column tests on Ottawa clean sand, silt and clay, [START_REF] Afifi | Long-Term Pressure Effects on Shear Modulus of Soils[END_REF] showed a time dependent increase in shear modulus without any change in density. In fact, they showed that the low amplitude dynamic shear modulus of sands held under constant effective confining pressure increases with time. The trend between shear modulus and log-time was linear during the 430 days testing time (Figure2.1). Anderson and Stokoe (1978) also conducted resonant column tests on several soil types, including Ottawa, Agsco and quartz sand. They showed that fine-and coarse-grained soils had the same behaviour during secondary consolidation (during which modulus increases about linearly with log-time, resulting from an increase in the stress amplitude at particle contact) considering 𝑉 𝑠 increase with time. They also found that time effects in uniform coarse-grained soils are dependent on grain size for mean grain size (𝐷 50 ) greater than 0.05 mm. [START_REF] Anderson | Shear Modulus: a Time-Dependent Soil Property[END_REF] quantified and generalized their observations with the following equations: )

Where: NG: The coefficient of shear modulus increase with time t1000: a reference time after completion of primary consolidation, taken as 1000 min t2: time of interest thereafter (> t1000) ΔG: the change in small strain shear modulus from t1000 to t2 G1000: the shear modulus measured after 1000 min of constant confining pressure.

NG represents the increase in normalized shear modulus per 10-fold increase in time. Large value of NG indicates large increase in stiffness due to ageing.

In the same sense, [START_REF] Thomann | Stiffness and strength changes in cohesionless soils due to disturbance[END_REF] performed torsional shear resonant column tests on two sand types. The samples were prepared isotropically and consolidated for 24 hours minimum, and the shear modulus changes with time were recorded. After about 2 days, the authors applied a disturbance on G e (the elastic shear modulus) by 1.27% shear strain as shown in Figure 2.2. They observed that the shear strain amplitude controlled the initial decrease of shear modulus, 𝐺, and the time-dependent increase in 𝐺 following the disturbance. The confining stress had a minor role and the number of cycles at a given shear strain amplitude was practically insignificant. These findings demonstrate that greater ageing effects could be expected following greater disturbances. [START_REF] Jamiolkowski | [END_REF] showed an increase in the shear modulus for sands (Figure 2.3). The NG sand values vary between 0.01 and 0.12 and increase as the soil become finer [START_REF] Mesri | Postdensification penetration resistance of clean sands[END_REF]. [START_REF] Jamiolkowski | The Role of In situ Testing in Geotechnical Engineering -Thoughts about the Future[END_REF] showed that NG is in the range of 0.01 to 0.03 for silica sands, 0.039 for sand with 50% mica and 0.05 to 0.12 for carbonate sand, probably related to the larger occurrence of grain crushing in carbonate sands and the time-dependent evolution of grain crushing under constant stress [START_REF] Dano | Relating fragmentation, plastic work and critical state in crushable rock clasts[END_REF]. Triaxial tests on samples of saturated Ham River sand consolidated at 400 kPa for times up to 152 days have been done by [START_REF] Daramola | Effect of consolidation age on stiffness of sand[END_REF] to study the ageing effects (Figure 2.4). He observed that the secant deformation modulus at 1.0% axial strain increased by approximately 50% after 152 days, the peak strength was little changed by the process, more dilatancy occurred and finally the strain at failure decreased with ageing time.

Figure 2.4 Effect of age of consolidation on the stress-strain characteristics for Ham River sand from [START_REF] Daramola | Effect of consolidation age on stiffness of sand[END_REF].

On the other hand, [START_REF] Human | Time dependent property changes of freshly deposited or densified sands[END_REF] performed drained triaxial tests on dry samples of pluviated crystal silica sand at a relative density of 78 % and under an effective consolidation pressure of 150 kPa. The results contradict those of [START_REF] Daramola | Effect of consolidation age on stiffness of sand[END_REF]. Human (1992)'s samples showed no difference in stress-strain behaviour over ageing periods of up to 28 days. Though, the initial shear wave velocities increased by about 4% over this period.

A laboratory study of the time effects under sustained load on the stiffness of very loose Fraser River sand (D50 = 0.27 mm, Cu = 1.9) was designed by [START_REF] Howie | Effect of ageing on stiffness of very loose sand[END_REF]. The ageing time in this study referred to the time from the end of consolidation until when the probing stress increment is applied. The ageing times ranged from 1 to 10 000 min (about 7 days) under initial stress ratios (𝑅 = 𝜎′ 1 𝜎′ 3 ⁄ ) of 1.0, 2.0 and 2.8 at constant 𝜎′ 3 . For each value of R, the stress-strain curves become more concave downwards as the holding time increases as shown in Figure2.5. This suggests a greater increase in stiffness at small strains than at larger strains. They also observed that the increase in stiffness is approximately linear with the logarithm of time, and the rate of increase is greater at smaller strains as shown in Figure 2.6. The increase in stiffness per logarithm cycle increases as R increases for both strain levels. , they observed that the shear modulus increases were consistent with equation 2.1 and that they increased approximately linearly with log time.

Their results indicated that: (1) the small strain moduli were higher for samples loaded isotropically and ( 2) the rate of stiffness gain, as indicated by NG, increased with increasing anisotropic stress ratio R. Besides, contractive volumetric strain decreased with ageing time at all values of R. [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] conducted laboratory tests on Dunkirk sand to study its behaviour under drained and undrained monotonic triaxial testing including information about the small strain stiffness behaviour. The samples were prepared using a resonant column system. The RC configuration was a fixed-base-spring-top design with the bottom of the sample connected to a rigid base and the top of the sample coupled with the oscillator that generated torsional excitation. The samples were prepared with a target of an initial 𝑒 0 = 0.64, 𝐷 𝑟 = 79% and a nominal 𝐾 0 = 0.45. The undrained tests are presented in section 1.2.2.1.

The triaxial specimens were consolidated to 150, 300 and 500 kPa initial p' values. The final values of consolidation are summarised in Table 2.1. In all compression and extension tests, the specimens were sheared at an axial strain rate of 0.03%/hr with the cell pressure kept constant. The author described the small strain behaviour of sand using the kinematic multi-yield surface model based on clays that was proposed by [START_REF] Jardine | Some Observations on the Kinematic Nature of Soil Stiffness[END_REF]. [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] gave the following conclusions:

1) The response was elastic and stiff until the Y1 surface is engaged. Then, the tangent stiffness values fall sharply, and plastic strains started to accumulate (Figure2.7). Before the second Y2 engagement marked changes dεs/dεv were delayed (Figure 2.8). 2) The incremental straining points are predominantly plastic in the Y3 surface. The later Phase Transformation Points (PTP) were identified as Y4 yield surface (Figure 2.9).

Figure 2.9 Locating Y3 and Y4surface in εv-εs space for K0 drained tests [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] Several triaxial tests following various stress paths during ageing period were designed by [START_REF] Bowman | Creep, ageing and microstructural change in dense granular materials[END_REF]. In addition, a complex volumetric strain response with rotation of the creep strain vector over time was measured and the effect of the material characteristics was studied. The change in microstructure of dense sands during one-dimensional creep was investigated as well using resin injection and optical microscopy of sections. The aim of this study was to estimate the creep through axial and radial local strain measurements under a constant state of effective stress. Some results from these experiments are shown in Figure 2.10. The results showed that the compressibility of the material is of importance in the changing volumetric response during loading and creep. Sand type E, which dilated little during loading produced a greater dilatant response, with big rotation of the creep strain vector, after only a short time. The most compressible material, MP, also dilates during creep after a time spent contracting. On the other hand, material GB, which is less compressible, dilates in loading and developed the greatest dilation during creep.

They concluded that creep begins in the weak force network because contacts are at limiting frictional equilibrium and a small perturbation in applied load, or time-dependent change in material strength can result in a sliding or yield at asperities. When the particles slip, this leads to the freeing of propped strong force network columns, which fasten via particle rolling. [START_REF] Bowman | Creep, ageing and microstructural change in dense granular materials[END_REF] noted that interlocked particles are more kinematically restrained than those that are not interlocked. The interlocked state may be regarded as the final one for any one particle under a particular applied load. With time, this results in a structure with areas of relatively large voids and areas of tightly packed particles. Buzzard sand (Type E) [START_REF] Bowman | Creep, ageing and microstructural change in dense granular materials[END_REF]. [START_REF] Baxter | Experimental Study on the Aging of Sands[END_REF] measured the small strain modulus, electrical conductivity, pore fluid chemistry, and mini-cone penetration resistance after different periods of time. For this purpose, two different sands, a poorly graded fine sub-angular sand (Evanston beach sand) and a poorly graded rounded fine to medium sand (Density sand) were tested, and ageing effects up to 118 days were evaluated for different combinations (air, distilled water, CO2 saturated water, ethylene glycol). The samples were prepared in fixed ring consolidometers and maintained under a vertical effective stress of 100 kPa. Variability in the data impeded detection of any consistent secondary compression beyond the first few days after application of the vertical stress. Three independent measurements were made to monitor property changes during the ageing process: small strain shear modulus using bender elements, electrical conductivity and mini-cone penetration resistance. They observed: (1) increases in the small strain shear modulus with time; the magnitude of this increase is influenced by the sand type, pore fluid composition, and density, ( 2) the time-dependent changes in the small strain shear modulus, electrical conductivity and chemistry of the samples did not lead to a measurable increase in mini-cone penetration resistance. For the authors, the later finding suggests that some of the free-field conditions (such as the introduction of air and gas into the soil during ground improvement, heterogeneity of the deposit, energy imparted by ground improvement and biological activity) are not reproduceable in small-scale laboratory testing. In addition to that, the boundary conditions and the penetration testing in rigid wall cylinders may prevent detection of time-dependent increases in penetration resistance that are measured under natural conditions.

The ageing effect on the small strain behaviour of sands was studied by [START_REF] Miller | Development of Instrumentation to Study the Effects of Aging on the Small Strain Behavior of Sands[END_REF] through direct simple shear tests. The experiments demonstrated a small increase in 𝐺 in samples aged for 7 to 8 weeks compared to fresh samples. Furthermore, the threshold strain required to produce excess pore pressure in undrained conditions increased with time.

From these various researches, it appears that increases in the small strain shear modulus with time can be obtained. The rate and magnitude of this increase is related to the sand type, pore fluid composition, and density. The coefficient of shear modulus was found to be higher for carbonate sand than for silica sand, and this can be explained by the larger occurrence of grain crushing in carbonate sand and it time-dependent evolution under constant stress. In addition to the grain crushing, the force network could also be the origin of this increase. As mentioned before, [START_REF] Bowman | Creep, ageing and microstructural change in dense granular materials[END_REF] demonstrated that with time, a structure with areas of relatively large voids and areas of interlocked particles is formed under a particular applied load. When sheared, the strong force network columns are freed and fasten with particle rolling.

Shear strength

Some direct measurements of the shear strength of aged specimens have been reported. As part of the Vibrating Plate Experiment [START_REF] Denisov | The Influence of Certain Processes on the Strength of Soils[END_REF], sand grains were placed on a glass plate and, after letting the grains to settle for a given time, the shear force required to displace the grains was recorded (Figure 2.11). A clear increase in the force necessary to move the grains was observed up to 14 days (Figure 2.11). The authors suggested that silica acid gel films cement the particle to the glass plate and cause the ageing process.

Figure 2.11 Vibrating plate experiment results from [START_REF] Denisov | The Influence of Certain Processes on the Strength of Soils[END_REF]. f/fo : normalized shear force Sliding plate tests using glass beads were also reported by [START_REF] Losert | Mechanisms for slow strengthening in granular materials[END_REF]. In their experiments, they pushed an acrylic plate over a layer of glass beads. They initially shear the glass beads by displacing the plate, then they measured the force required to shear the beads again after an ageing period at constant normal stress. The principal observation was that when the load was not maintained after the initial shear, there was no time-dependent strengthening in the material. Thus, when the load was maintained after the initial shear, they observed strengthening that was linear with the log of time (Figure 2.12). The authors also observed that the strengthening of saturated material was greater that the strengthening of dry material. They concluded that saturation mechanism can strengthen microcontacts acting like an attractive force, created by gradually developing liquid bridges between particles at rest. Al-Sanad and Ismael (1996) performed laboratory direct shear tests on fine to medium well graded silty sand composed of about 20% calcium carbonate, dolomite and gypsum. The specimens were prepared with a relative density of 60% and aged for period up to 6 months under a vertical normal stress of 2 kPa. Some specimens were prepared and tested immediately. Other samples were kept in their molds in the humidity room for aging at 100 percent humidity and a temperature of 20°C. Tests were conducted after 1, 3, and 6 months. Then, the direct shear tests were performed under normal stresses between 40 and 120 kPa ( 

Penetration and liquefaction resistance

In order to investigate the effect of ageing on the penetration resistance, several researches had been done either under laboratory conditions or in the field. [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF])

With the aim to study liquefaction resistance, [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF] were among the first to study the ageing effects at the laboratory scale. For that, they used a fine, poorly graded silica sand (D50 = 0.2 mm, Cu = 1.5), taken from Evanston beach. The sand was placed to a depth of 660 mm in a 1 m diameter by 1 m high cylindrical tank at a relative density of 50% and the water level was maintained 25.4 mm above the sand surface in all the tests. Blasting caps embedded in the tank were used to simulate explosive densification in the field (Figure 2.11), and mini-cone (30° cone with a projected base area of 1.25 cm²) penetration tests were performed at radial distances of 100, 200, 300 and 400 mm at different times after blasting (Figure 2.14). The relative density following the blast ranged from 60 to 70%. Measurements of the time-dependent increases in the penetration resistance of both densified samples and control test with no blasting were made (Figure 2.15). [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF] observed that the penetration resistances increased with time in all tests and were greater for the sand subjected to blasting (compaction). They also noted that the penetration resistance increased more significantly near the explosion location. It should be noted that near the blast point, the 1-day values were lower or equal to the pre-blast values. [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF] also proposed that dissolution of bubbles contributed to ageing process. While liquefying the sand in the tank to run another test, they observed bubbles escaping from the blast area 15 days after the previous blast. The apparition of these bubbles indicated that blast gas stayed within the sand voids long after the blast. Large local voids could be created over which the surrounding sand would arch, developing an overall weaker soil skeleton that would strengthen with time as the bubbles dissolved into solution. In parallel, [START_REF] Baxter | Experimental Study on the Aging of Sands[END_REF] also tested the Evanston beach sand. The samples were prepared with relative densities of 40 and 80% and were aged at different temperatures. Distilled water saturated with carbon dioxide was chosen as a pore fluid to simulate groundwater conditions after blast densification. A 6.4 mm diameter, 60° mini-cone was used. They observed no corresponding increases in the mini-cone penetration resistance with time (Figure2.16). [START_REF] Baxter | Experimental Study on the Aging of Sands[END_REF]).

Another laboratory tests example come from [START_REF] Joshi | Effect of aging on the penetration resistance of sands[END_REF] on samples of a river sand on the one hand and Beaufort Sea sand in another hand in different saturation conditions (dry, saturated in distilled water and saturated in sea water). Five different samples were prepared by pluviation through water or air in PVC pipe cells (360 mm internal diameter, 20 mm wall thickness and 370 mm height), then the samples were vibrated to the desired density and left under a vertical stress of 100 kPa. Four 10 mm base diameter probes were pushed into each sample at various times following sample preparation.

Three samples contained river sand: one in dry conditions, one saturated with distilled water, and the last one saturated with sea water. Two other samples contained Beaufort Sea sand: one saturated with distilled water and the other one saturated with sea water. Penetration tests were done in each sample with a 10 mm diameter penetrometer (Figure 2.17 for the case of Beaufort Sea sand in sea water).

Figure 2.17 Normalized penetration resistance for aged samples of Beaufort Sea sand in sea water. Equation 1𝑃 𝑡 𝑃 1 = 𝑎(𝑡) 𝑏 , where t is the aging period expressed in days, P, is the penetration resistance at age t, P, is the penetration resistance of freshly deposited sand on the first day, and a and b are constants depending on the environmental conditions of the sand. (from [START_REF] Joshi | Effect of aging on the penetration resistance of sands[END_REF] Relatively to the initial values, the magnitude of the penetration resistance increased with the increasing order of dry sand, sand in distilled water and sand in sea water, as shown in Figure 2.18 and Table 2.2. In most cases, the penetration resistance of the sand reached approximately constant values at a probe penetration of about 1.5 mm, i.e., 15% of the probe diameter. The 1-day curves indicates that the dry sand had the highest strength. The authors suggested that the presence of water around the sand particles decreased the frictional resistance between the particles and hence decreased the penetration resistance. [START_REF] Joshi | Effect of aging on the penetration resistance of sands[END_REF] suggested that the rounded nature of Beaufort Sea sand offered less frictional resistance following reorientation and did not age as much as the more angular river sand. They also hypothesised that presence of water helps in formation of precipitates. By using scanning electron microscope (SEM), the authors found more precipitates on sands aged in sea water than on distilled water. After an investigation of the aged samples, it appeared that the bonds were weak. This observation leads the authors to hypothesise that particle reorientation was the dominating mechanism with cementation playing a marginal role. There are several field-testing programs that highlight the significant increases in penetration resistance of sand resulting from ageing. In contrast, some studies revealed cases where the time-dependent increases were not significant. One of the first field studies is [START_REF] Denisov | Studies of Changes of Strength and Compressibility of Hydraulically Filled Sands in Time[END_REF] testing program. Their objective was to establish the number of blows per 10 cm of penetration to drive a 74 mm in diameter 60° cone using a 588.40 N hammer dropped from a height of 0.80 m into hydraulically placed, saturated quartz river sand fills. They showed that the number of blows per 10 cm increased steadily from 2.1 at 10-20 days to 4.4 at 100-140 days (Table 2.3). Similarly, relatively short-term results were reported by Mitchell and Solymar (1984). Figure 2.19 shows the cone penetration resistance before and after dynamic compaction. The curves indicate that a notable increase in penetration resistance has occurred during the period between 17-and 31-day tests. [START_REF] Skempton | [END_REF] also wrote an exhaustive paper about the Standard Penetration Test involving the effects of ageing times (Table 2.4).

For a given sand, the relationship between blow count, relative density and effective overburden pressure can be represented by the equation

𝑁 60 𝐷 𝑟 ² = 𝑎 + 𝑏𝜎′ 𝑣
For fine sands the N values is reduced in the rod energy ratio ER 55/60, and for coarse sands increased in the ratio 65/60. For a given density, the tendency for N values to increase with increasing particle size is probably related to the same trend in the friction angle φ.

Knowing that the resistance of sand to deformation is greater the longer the period of consolidation, this ageing effect is characterised by higher blow counts as shown by the author in Table 2.5. Schmertmann (1987,1991) expressed the increase of the cone penetration resistance qc as the ratio of qc at time t to the resistance immediately after deep dynamic compaction (DDC) in a 10 m thick layer of silty sand in Jacksonville, FL (Figure 2.20) where a 33-t weight was dropped from a height of 32 m. The curves matched to best fit lines for penetration resistance ratios after the number of drops indicated. The author suggested that it would be interesting to give a careful attention to the ageing-pre-consolidation effect. This may help to demonstrate a beneficial pre-consolidation effect for engineering processes. In order to improve the ground resistance at Chek Lap Kok Airport in Hong Kong, densification of a sandy hydraulic fill was used [START_REF] Ng | The Aging Effects of Sands. Ground Engineering, Geotechnical Aspects of Hong Kong[END_REF]. Up to 47 days after densification, vibro-compaction and CPT tests were done (Figure 2.22). [START_REF] Covil | Case History: Ground Treatment of the Sandfill at the New Airport at Chek Lap Kok, Hong Kong[END_REF] also documented sandy fill material showing ageing behaviour following deposition. Due to the deposition process, fine grained lenses were formed in the fill material. [START_REF] Debats | Vibroflotation in Reclamations in Hong Kong[END_REF] argued that these layers may have avoided quick dissipation of excess pore pressures that normally occur in clean sands. Therefore, they suggested that excess pore pressure dissipation may play a greater role at this site than in other sites and therefore increase in penetration resistance is not always related to ageing but sometimes is due to consolidation. Other reported cases revealed the absence or the uncertainty of the increase in CPT resistance with time.

For instance, Human (1992) investigated the man-made hydraulically filled Bay Farm Island in Alameda, CA.

The author compared CPT measurements before and after the 1989 Loma Prieta earthquake. Therefore, four CPTs were done 4, 14, 30, 65 and 317 days after the earthquake. The 4 days penetration resistances were similar to the pre-earthquake values. No consistent increases were observed over time, and Human (1992) concluded that the observed increases were within the natural variability in the deposit.

The resistance to liquefaction is more significant in aged natural deposits than recent (Holocene) deposits under seismic loading [START_REF] Youd | Mapping Liquefaction-Induced Ground Failure Potential[END_REF]. Another study reported by [START_REF] Seed | Soil Liquefaction and Cyclic Mobility Evaluation for Level Ground During Earthquakes[END_REF] showed that the cyclic shear strength and, therefore, the liquefaction resistance of sand, increased with time under stress. (Figure 2.23). The data was supplemented and re-analysed by [START_REF] Arango | Updated liquefaction potential analysis eliminates foundation retrofitting of two critical structures[END_REF]. Their results confirmed that the age of a sand deposit has a marked effect on its dynamic strength. 

Pile set-up

The construction of certain types of structures such as bridges, parking garages, stadiums, multi-storey buildings, etc. requires deep foundations such as driven piles. The cost for this type of deep foundation, relative to the structure, is about 5% for some buildings to about 30% for some bridges (Bullock and Schmertmann, 2003). In order to reconcile quality, design, economy and safety, engineers perform static and dynamic tests before, during and after the installation of deep foundations to test their capacity. In the case of driven piles, these tests indicate generally increases in capacity over time after driving. In the enclosing soil, excess pore water pressures are developed during pile installation. Their dissipation leads to an increase in pile capacity with time.

However, pile capacity was found to develop a time-dependent increase even after complete dissipation of excess pore pressure in both cohesive and cohesionless soils. This increase, occurring after the dissipation of excess pore pressure generated from pile driving, is called set-up. This process is associated with an increase in shaft capacity [START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF]. In fact, Axelsson attributed the long-term set-up to two main causes, stress relaxation and soil ageing. His results indicated that the dissipation of excess pore pressures only contributed in a minor degree to the overall set-up. It was also observed that the increase in radial stress on the shaft was directly proportional to the stiffness of the soil (shear modulus) and the soil-shaft interface dilatation, and further was inversely proportional to the pile radius. This observation is based on a relationship [START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF] with the cavity expansion theory and the link between the change in radial effective stress during loading, ∆𝜎′ 𝑟𝑑 , to an interface boundary displacement, 𝛿ℎ, due to dilation:

∆𝜎′ 𝑟𝑑 = 2𝛿ℎ𝐺 𝑅
Where G is the shear modulus for an elastic soil mass and R is the pile radius.

The influence of other factors was evident such as the soil characteristics, the pore water, the saturation degree and the in-situ stress level as well as the pile geometry and installation method.

Rates of set-up are ranging from 20 to 170% per log cycle of time and increases in capacity by factors of 5 or more have been observed, in addition to trend lines (for instance [START_REF] Skov | Time-Dependence of Bearing Capacity of Piles[END_REF]Fellenius et al., 1989;[START_REF] Chow | Effects of Time on Capacity of Pipe Piles in Dense Marine Sand[END_REF][START_REF] Bullock | Side shear setup I: Test piles driven in Florida. Side shear setup II: Results from Florida test Piles[END_REF].

Several case histories of pile set-up, developed hereafter, were found in the literature, and could be categorised according to the time intervals of testing. First, we have the 'short-term' effects occurring immediately after installation (≤ 24 hours), the 'medium-term' set-up taking place between 1 and 100 days, and the 'long-term' set-up occurring over years. [START_REF] Soderberg | Consolidation theory applied to foundation pile time effects[END_REF] reported that the first reference of the time effect on piles in the literature was at the 19 th century, when [START_REF] Wendel | Om profbelastning pa palar med tillampning deraf pa grundlaggningsforhallandena i Goteborg (On the test loading of piles and its application to foundation problems in Gothenburg)[END_REF] performed loading tests in Sweden on floating piles in clay. The piles bearing capacity increased quickly with time and reached its maximum in less than one month, with an improvement ratio of 10. The Scandinavian countries were among the first to take advantage of this time effect and it has been conventional practice in Norway to load piles months after the driving.

Field case histories

2.3.1.1 Ryazan, Russia [START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF] Since 1962, reinforced concrete piles of square section with a continuous circular core (30x30 cm cross section and 15.9 cm diameter core, and lengths of 4, 5, and 6 m), have been employed to build Ryazan sites.

The piles were driven into various soils: sand, slightly clayey sand, clayey sand, clayey sandy silt, and clay.

The results analyses gave the basis for determining approximate limit times 𝑇 1 for these kind of soils (𝑇 1 is the time after which a pile reaches the maximum of its capacity, Table 2.6). Radugin proposed formulations and coefficients to evaluate the time dependent effects on the bearing capacity and the resistance of piles. 

𝑁 𝑚𝑎𝑥 = 𝑁 0 (1 + 𝑁 𝑢 )
Where: 𝑁 𝑚𝑎𝑥 : maximum pile capacity after 𝑡 = 𝑇 1 , 𝑁 0 : pile capacity immediately after driving for 𝑡 = 0, 𝑁 𝑡 : pile capacity during loading test for 0 < 𝑡 < 𝑇 1 , 𝐹: coefficient depending on 𝑡/𝑇 1 ratio (Table 2.7), 𝑁 𝑢 : the degree of pile capacity increase after 𝑡 = 𝑇 1 , depending on kind of soil (Table 2.8), 𝑡: time of loading tests. The data presented in Table 2.8 was given by the author as a first approximation (average values) recommended for various clayey soils. These values are summarised from resistance tests on hollow driven piles obtained from static dynamic tests on piles on various construction sites of Ryazan [START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF].

2.3.1.2 St. Charles River, Quebec, Canada [START_REF] Tavenas | Limitations of the driving formulas for predicting the bearing capacities of piles in sand[END_REF] A large pile foundation system consisting of three parallel rows of precast concrete piles was built in a homogeneous deposit of fine sand in St. Charles River, Canada. The soil consisted of about 5 m of backfill overlying a deep sand deposit of about 17 m thickness. The sand was medium-to-fine uniform containing some silt. The N-values standard penetration tests revealed a slight increase with depth, with an average of 23 as shown in Figure 2.25. The water table was at a depth of 5 m. Five categories of precast concrete piles were designed with lengths from 8.5 to 13.0 m and 305 mm diameter. The piles had been driven with a free fall hammer weighing about 31 kN operated by clutch release at a drop height of about 0.76 m. In total, 4160 piles on the north shore and 4520 piles on the south shore have been driven, but only a selection of them were analysed. Figure 2.26 shows the relationship between the time lag and the ratio of the ultimate bearing capacity of the corresponding test pile for which the time lag was 12 hours. Despite an important result scattering, a distinct tendency was observed. In fact, the ultimate bearing capacity in compression increased during the first 15 to 20 days to reach a constant value 70% higher than that observed after 12 hours. In comparison to Dunkirk test results, the MS piles reached a 100% value within 15 days after installation than that observed after 1 day. The MS piles ultimate capacity had a ratio ranging between 2.1 to 2.6 within 315 days. The authors suggested that this increase cannot be explained by the influence of pore pressure dissipation, expected to take place within few hours. Therefore, the increase in capacity can be related to changes occurring in the sand structure around the pile. It should be noted that this pile was shorter than the foundation piles with an embedded length of 14 m. Figure 2.27 shows the CAPWAP results giving the force distribution in the pile at both times of dynamic measurements with data from the initial driving and the beginning of restriking. These results indicated that the pile capacity originates essentially from shaft resistance below the depth of about 4 m. The results also indicated an increase of 33% in less than 2 days. The 51 days test resulted in an increase of 85% in comparison with the capacity at the end of initial driving.

For the authors, this large gain in capacity cannot be accounted for by pore pressure equalisation because it was developed long after. Other factors such as changes in the soil structure around the pile, have caused this increase in pile capacity.

The CAPWAP (Case Pile Wave Analysis Program) analysis is a program used to determine wave equation soil parameters active during impact [START_REF] Rausche | Dynamic determination of pile capacity[END_REF]). The program estimates total bearing capacity of a pile or shaft, as well as resistance distribution along the shaft and at the toe. The program inputs the force and velocity data obtained with a Pile Driving Analyzer® (PDA) system to perform a soil resistance test. (1988). The authors carried out dynamic measurements, CAPWAP analysis, and static loading tests at different time intervals, in order to highlight the time-dependency on piles capacities. Figure 2.28 present the main results obtained from these measurements with soil conditions. 2.3.1.5 Central Florida, USA (Preim et al., 1990) The expansion of a major transportation facility in Central Florida, USA, included the construction of a building on a highly variable subsurface condition (very loose clayey sand and very soft clay). The recommended foundation system consisted of driven displacement (concrete and steel) piles. Prior to the final design of the foundations, a test pile program was performed to verify pile service loads, predict pile driven lengths, and quantify the rate of pile set-up after initial diving. The steel closed-ended pile (323 mm diameter, 27 m in length) and precast concrete (355 mm, 27 m in length) piles were driven in place with a Vulcan 80C (air operated differential rated energy: 33 150 J at 41.9 cm) hammer. One week later, a Vulcan 010 (air operated differential rated energy: 44 070 J at 99 cm) hammer was used to restrike the piles to obtain additional dynamic measurements. These tests helped to predict the piles long-term capacity (two weeks after driving), which was compared to that measured with a static load. In the two case histories presented by Preim et al. (1990), an increase in pile capacity with time after initial driving was observed. In fact, the total piles capacities after two weeks were two to three times those at the end of driving, as shown in Figure 2.29. The authors observed that the increase seemed to take place almost entirely in skin friction capacity (Figure 2.29). On the other hand, the capacity increase was linear over the testing period (two weeks). When compared, the rate of capacity increase was greater in the case of the concrete pile (167 kN/day) than the steel pile (102 kN/day). Preim et al. (1990) attributed this different rate to the subsurface conditions at the pile locations, and also to the absorption capacity and higher coefficient of surface friction of the concrete pile. 2.3.1.6 Scandinavian programs [START_REF] Holm | Piling in Sweden, Denmark, Norway and Finland[END_REF], Holm & A stedt, 1995) In Sweden, Denmark, Norway and Finland, pilling is normally performed with driven precast concrete piles.

After the glacial period, post-glacial sand, silt and clay were deposited on top of the glacial deposits in these countries. In order to obtain the distribution of skin friction and the total bearing capacity, stress wave measurements combined with signal matching programmes were used. The stress-wave matching technique was proposed by [START_REF] Rausche | Soil resistance predictions from pile dynamics[END_REF]. This method allows estimating the static pile capacity from dynamic data, and it requires the direct measurements of the stress and acceleration at the pile head during hammer impact. The stress wave measurements are usually performed at re-driving 12 to 24 hours after the end of initial driving. These measurements are also performed one to more than three weeks after the end of initial driving, when friction piles in silt and sand are concerned. Results of many stress wave measurements in Sweden soils are presented in Figure 2.30. An increase of about 40 to 120% over 200 days is observed for 27 friction piles.

Figure 2.30 Stress wave measurements [START_REF] Holm | Piling in Sweden, Denmark, Norway and Finland[END_REF] 2.3.1.7 John F. Kennedy International Airport, USA [START_REF] York | Setup and Relaxation in Glacial Sand[END_REF] For the rehabilitation of JFK Airport, load testing prior to foundation design, and extensive pile testing were performed on driven and bored piles. The area of the renovation soil consisted of a marsh deposit whose thickness varies from 1.0 to 3.4 m, composed of soft and highly compressible organic silty clays and peats. Below this marsh, there was a thick stratum of glacial sand extending to a depth of about 40 m, composed of fine to medium sand. The water table was found at depths ranging from 1. 2.

3.1.8 Jamuna Bridge [START_REF] Tomlinson | Recent advances in driven pile design[END_REF] Tomlison (1996) observed long-term set-up effects on trial piles at the Jamuna Bridge site, Bangladesh.

Open-ended steel piles, 762 mm in diameter and 78 m in length, were installed, into loose to medium dense micaceous sand. After driving, compression and tension tests were performed. The tests conducted 3 to 10 days after installation, revealed insignificant shaft capacities approximating 30% of those predicted with CPT design method. On the other hand, an increase of capacity by a factor of 2.7 due to long-term set-up was observed in a tension test performed nine months after driving. Tomlison (1996) conducted also static compression load tests on precast concrete piles to study the magnitude of set-up. In that case, the increases were greater (a factor of about 3.5 after 50 days). However, since the shaft capacities were analysed using [START_REF] Chin | Estimation of the Ultimate Load of Piles from Tests Not Carried to Failure[END_REF] method, they cannot be compared to the data from tension tests.

2.3.1.9 Royal Institute of Technology, Stockholm, Sweden [START_REF] Axelsson | Long-term Increase in Shaft Capacity of Driven Piles in Sand[END_REF] In order to measure the increase in horizontal stress due to stress relaxation and compare it with the set-up evaluated from dynamic tests, three instrumented concrete piles (235 mm in diameter) were driven and tested for static pile capacity determination at different times. The piles were driven to a depth of about 19.0 m. The soil was composed of loose to medium dense glacial sand and was well-graded varying between silty and gravelly sand. The water table lied approximately 2.0 m below ground level. Dynamic tests with stress wave measurements were performed on all three piles at different time intervals up to a maximum of 216 days after the end of driving. CAPWAP analysis and the Case Method were performed to evaluate the static pile capacity. The Case method is an improved set of methods of analysis using closed form solutions of the onedimensional wave propagation theory with empirical correlations to static pile test results [START_REF] Rausche | Dynamic determination of pile capacity[END_REF]. The local horizontal effective stress, shown in Figure 2.32, demonstrates that very low values were acting on the pile shaft prior to loading, comparing to the estimated values. The same behaviour is reported by [START_REF] Ng | Pile foundation. The behaviour of single pile in cohesionless soils[END_REF] for driven concrete pile in loose to medium dense sand for depths of 4 to 7 meters. [START_REF] Gregersen | Load tests of friction piles in loose sand[END_REF] and [START_REF] Karlsrud | NGI's pile test at Tilbrook and Pentre -Review of testing procedures and results[END_REF] gave similar observations for driven piles in sand for depths of 8 to 18 meters and in clayey silt for depths of 25 to 32 meters respectively. All these studies showed that pile driving in sand and silt may generate very strong arching effects around the shaft even at considerable depths, due to the formation of high tangential and low radial compressive stresses.

Figure 2.32 local horizontal effective stress versus depth [START_REF] Axelsson | Long-term Increase in Shaft Capacity of Driven Piles in Sand[END_REF] The relationship between the local horizontal effective stress on the shaft and the logarithm of time is practically linear during the whole measuring period, as presented in 2.9. The objective was to track the changes of radial stress on the pile shafts and the shaft friction, up to a maximum of 72 days after installation. The piles were closed-ended and had a diameter of 65, 100 and 135 mm and they were instrumented with a surface stress transducer (SST) to measure both radial and shear stresses. 0.7 m above the pile tip. The embedment was of about 3 m corresponding to a length to diameter L/D ratio comparable to typical prototype piles. The piles were installed with a series of either 100-or 250-mm long jacking strokes at an average jacking speed of about 6±2 mm/s. All the piles (except one) were fully unloaded after each jacking stroke and left for a brief pause period of between 2 and 5 min before jacking recommenced. All the piles were submitted to a first-time load to the ultimate tension failure to derive the virgin-fresh ultimate pile shaft capacity at specific ageing periods. The extraction force was applied with small increments of 5 to 10% of the maximum expected load, with each load maintained for a set holding period of 5 min, until failure reached. The authors observed that the effects of set-up, referred to the initial pile shaft capacity measured at 1-day after installation, for jacked piles in sand are smaller than those assessed for driven piles [START_REF] Lim | Set-up of pile shaft friction in laboratory chamber tests[END_REF]. They also observed that short-term set-up effects for the jacked piles are relatively significant in the first day (Figure 2.34). However, these effects may vary with the mineralogy, level of structuring and groundwater regime of the sand site.

Conclusion

It should be noted that no instances reporting set-up for bored piles in sand have been found. In fact, Van Impe (1995) research program with concrete Atlas screw piles showed that no increase in capacity with time was observed. In contrast, many studies reported evidence of capacity increase for driven or jacked displacement piles with time. For instance, [START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF], [START_REF] Tavenas | Limitations of the driving formulas for predicting the bearing capacities of piles in sand[END_REF], [START_REF] Skov | Time-Dependence of Bearing Capacity of Piles[END_REF] and [START_REF] Axelsson | Long-term Increase in Shaft Capacity of Driven Piles in Sand[END_REF] demonstrated an increase in shaft capacity for concrete pile. Other studies also reported a time-dependent increase for steel piles (e.g., [START_REF] York | Setup and Relaxation in Glacial Sand[END_REF][START_REF] Tomlinson | Recent advances in driven pile design[END_REF], Chow, 1997). This increase is explained by the changes occurring in the sand structure around the pile. In fact, the dilatant tendency of the soil during shearing confined by the soil arch leads to an increase in the horizontal stress acting on the shaft (Figure 2.35). [START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF] In order to compare the quantitative increase in the bearing capacity of piles as a function of time, a programme of model test related to open-ended and closed-ended steel piles, was performed by [START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF]. The tests were carried out in 3D-strain-state conditions in a 2.5 x 2.5 x 4.5 m size box. The piles and soil characteristics are presented in Tables 2.10 & 2.11. The piles were driven (hammered) into homogeneous saturated sand with an embedment depth of 4 m. In static loading tests, an increase in the total ultimate bearing capacity is observed for all the piles for about 20 to 40% for open-ended plugged piles to about 40% for closed-ended piles. Similar observation was made for dynamic FDPS measurement during pile driving. On the other hand, a good accordance was obtained between experimental and calculated results of time influence on piles capacity increase.

The author concluded that the influence of time on ultimate bearing capacity increase should be considered when interpreting dynamic measurements of driving resistance, loading tests, and bearing capacity calculations.

2.3.3.2 Department of Engineering, University of Cambridge [START_REF] White | A model-scale investigation into ' set-up ' of displacement piles in sand[END_REF] Thirty-two model piles were installed into two circular steel test chambers, and regularly tested over a period of 100 days. The chambers were of 850 mm diameter and 400 mm depth. In order to study the effect of the nature of piles surface and the presence of water, corrodible and inert piles were used, and in one test chamber, the water table was cycled. Indeed, two identical test chambers were used: chamber 1 was in fully saturated condition throughout the test programme (water table ≈ 20 mm above the soil surface), and in chamber 2, the water table was lowered to the base of the chamber then restored to the soil surface at regular intervals.

The steel piles had a diameter of 10 mm. They were jacked to a depth of 200 mm (at a rate of 0.25-0.5 mm/s using a jacking mechanism). The minimum distance between adjacent piles was about 150 mm (15 diameters), and the minimum distance from a pile to the chamber wall was 200 mm. Regarding the test soil, the sand was taken from Dog's Bay, a carbonate sand from the west coast of Ireland [START_REF] Coop | The mechanics of uncemented carboonate sands[END_REF]. It is important to specify that greater friction fatigue occurs in carbonate sands compared to silica sands, leading to a considerable reduction in radial stress above the pile tip reflecting the weaker carbonate particles [START_REF] White | A general framework for shaft resistance on displacement piles in sand[END_REF].

In total, 104 load tests were performed at different intervals after installation using a jacking mechanism (displacement-controlled axial compression). The objective of this program was to differentiate the influences of time effect, stainless steel vs. mild steel piles, and constant vs. cycled water table. Figure 2.36 shows a four-fold increase in 𝑄 0.1𝐷 (the capacity at a settlement of 𝐷 10 ⁄ during the first load test conducted within 1 day of installation) over the 30-day test period for a mild-steel pile. They observed that the cycles of pore water pressure enhanced the rate and magnitude of set-up. Moreover, post-test pile exhumation revealed that crushed sand had been bonded to the pile shafts by corrosive action. It also seems that the corrosion was accelerated by the cyclic exposure to oxygen (chamber 2).

Figure 2.36 Tests on a mild steel pile (16), chamber 2, cyclic water table [START_REF] White | A model-scale investigation into ' set-up ' of displacement piles in sand[END_REF] From their tests, [START_REF] White | A model-scale investigation into ' set-up ' of displacement piles in sand[END_REF] observed great set-up results caused by corrosion and enhanced by the small diameter of model-scale piles. They also noted that the stainless-steel piles did not show any setup effect in saturated conditions, and an insignificant increase with changes in water table. The authors concluded that smooth model piles that do not rust experience modest set-up in the absence of changes in water table. In fact, cycles of the water table level considerably increase the rate of set-up. [START_REF] Lim | Set-up of pile shaft friction in laboratory chamber tests[END_REF] In the test site of Shenton Park in West Perth at the University of Western Australia (UWA), two pile test programs were designed to investigate the time effects on the capacity of displacement piles in sand. At this site, the soil was a siliceous sand deposit underlain by a weakly cemented rock formation. The water table was at the base of the sand layer. The sand is sub-angular to sub-rounded, uniformly graded.

University of Western Australia

A. First test program on driven piles

This test program comprised seven non instrumented open-and closed-ended driven steel piles installed in May 2005 and tested over a period of 1 year. The piles had outer diameters ranging from 88.9 to 114.3 mm and lengths of 4 and 2.5 m. Tension load tests and re-tests were performed on the driven piles at different ageing periods. Typical load-displacement curves are presented in Figure 2.37. The authors took the 1-day tension capacity as the reference capacity to assess any potential increases in pile shaft friction that are free from short-term effects due to pore pressure dissipation following pile installation (Åstedt et al., 1992;[START_REF] Tavenas | Limitations of the driving formulas for predicting the bearing capacities of piles in sand[END_REF]. In general, a significant increase in pile shaft resistance with time was observed in all cases. The closed-ended piles showed higher gains with time relative to their initial capacity measured about 4 days after driving. [START_REF] Lim | Set-up of pile shaft friction in laboratory chamber tests[END_REF] observed an increase in shaft capacity by more than a factor of 10 over the period of 1 year.

B. Second test programme on jacked piles (section 2.3.1.10)

The second test programme involved fourteen closed-ended steel piles with three different outer diameters of 65, 100, and 135 mm. The piles were jacked to an average embedment of about 3 m. The tension load tests were performed by applying a series of load increments. Typical load-displacement curves are presented in Figure 2.37. When compared to the set-up exhibited by the driven piles, set-up of the jacked piles was scarcely observable. The authors observed that the capacity of the driven piles increases considerably with time and is greater than of the jacked piles within few months. For Lim & Lehane, this strong set-up behaviour may be attributed to a recovery process following the high level of disturbance applied during installation.

It also should be noted that the capacity of the jacked pile at all ages (around 48 kPa) was of the same magnitude than the driven pile at t = 259 days (54 kPa). We can conclude that the jacked piles have reached the maximum set-up that the driven piles can achieve. To investigate both pile installation and group effects, driven, jacked and group piles have been tested. The tests were conducted at 40 g. The diameter of the steel pile 𝐷𝑝 was 16 mm and the penetration in the sand was approximately 320 mm (20𝐷𝑝). The total height of soil body was 600 mm, the diameter of the container was 900 mm, and the disturbance from pile to wall 300 mm (18𝐷𝑝). The tests were performed with totally rough interfaces (the normalised roughness is 𝑅 𝑛 = 0.27, 𝑎𝑛𝑑 𝑅 𝑚𝑎𝑥 = 32 µ𝑚). The sand used was Baskrap sand with a mean grain size 𝐷 50 of 0.118 mm. The soil was prepared by dynamic compaction of a fully saturated sample at a relative density 𝐷 𝑟 of 66.3 and 66.8% in series 1 and 2 respectively. The single pile was driven into the sand with displacement control, while the group piles were jacked into the sand with constant rate. The results of the load tests on the driven single pile 1 in series 1, shown in Figure 2.39, where the total shaft capacity is transferred to total friction (dividing by the total surface area) and normalised by the mean vertical effective stress along the pile. Pile 1 in series 1 shows a considerable increase in shaft capacity between 100 and 1000 min. The same pile in series 2 showed a slight increase in time of the total pile capacity, while the base capacity did not increase at all (Figure 2.40). On the other hand, the shaft capacity decreased after cyclic loading, but remained higher than the initial capacity. The jacked group pile in series 1 exhibited a significant increase of capacity from 1 to 10 minutes and a further increase induced by the installation of the two neighbouring piles. A part of this increase is lost over time. However, the shaft capacity is greater at that time than prior to the installation of the neighbouring piles. Figure 2.42 presents the results of the jacked pile in series 2. This pile was jacked, after pile 3 was installed, leading to a somewhat higher penetration force as a result of the installation of pile 3. In series 2, the total capacity of the jacked pile 2 did not increase over time, but at the installation of adjacent pile 4 there is a direct strong reaction of pile 2. A small regain of capacity is observed after 100 minutes.

De Lange et al. (2014) concluded that in all the tests, time effects in the bearing capacity have been observed. Quantifying these effects requires a large number of well-defined test series with unique and repeatable conditions, preferably with testing over time of not previously loaded piles, as the testing itself may affect the pile capacity. In the chamber (Figure 2.43), a bender element system and tactile pressure sensors were placed for the monitoring of stiffness and stress respectively. The sensor used is ultra-thin, with a thickness smaller than 0.3 mm, and is very flexible. Placed into the soil, the sensor does not affect the stress field in the soil and create an artificial boundary to promote soil arching. In addition, the width of the sensing element of model #5027 is only 0.2 mm, which is similar to D50 of the Toyoura sand used in this study. This characteristic ensures the reliability of the distributions of interparticle contact forces. Because these are identical and tiny, each one can be regarded as one or several contacts. Therefore, the associated measurements, to a certain extent, are representative of the contact normal forces among particles. A plan view of the ten sensing areas is shown in Figure2.44. Each area is denoted "T-x-n", where "x" can be "v"(vertical), "r"(radial), or "h"(hoop) to represent the direction of the measured stress, and "n" represents the distance from the pile shaft to the centre of the sensor.

The instrumented model pile was an aluminium circular and closed-ended tube of 16.0 mm in diameter. The soil sample was composed of dry Toyoura sand and was prepared through air pluviation. Then the soil was consolidated under a constant vertical pressure of 75 kPa, for 80 h to mimic the field condition. After this step, the model pile was driven into the soil. A static compression test was performed two hours after the end of pile installation to determine the initial capacity, after what the pile was left to set up for 80 h (referred to as the setup, or second ageing, period). During the setup, measurements from the tactile pressure sensors and the bender element system were constantly registered. At the end of this period, the pile capacity was determined again with a second static load test (load test -2). Comparison of the two load tests highlighted the occurrence of pile setup, as presented in Figure 2.45. The shaft resistance, at a settlement of 0.01𝐷 𝑝 , increased with an increment of 10%. In spite of the limited settlement of the two pile load tests, if we consider that:

the shaft resistance is mobilised more easily than the base capacity,

the required displacement to develop the shaft friction is about 0.005 -0.02𝐷 𝑝 where DP is the pile outer diameter (Fleming et al. 2009;Guo 2013Guo , 2000)),

in the model pile results by [START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF], the increased shaft resistance due to pile set-up is identified at the pile head movement ~0.25 𝑚𝑚 (~0.009𝐷 𝑝 ),
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the settlement reached in the load tests ~0.225 𝑚𝑚 (~0.014𝐷 𝑝 ) was enough to indicate the pile set-up effect on increasing shaft resistance. The stresses measured by the tactile pressure sensors in the surrounding soil during the setup period were normalised by the value obtained 1 day after load test 1. The authors observed a change smaller than ±1%.

These results are in contradiction with the expectation that hoop stress decreases endlessly and induces an increase in the lateral effective stress 𝜎′ 𝑟𝑝 (Åstedt et al. 1992;[START_REF] Chow | Effects of Time on Capacity of Pipe Piles in Dense Marine Sand[END_REF][START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF]Jardine et al. 2006), and all the hypothesised mechanisms based on the increase of 𝜎′ 𝑟𝑝 . However, these results support the finding of [START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF] that pile set-up is mainly due to the increase of ∆𝜎′ 𝑟𝑝 , because of the ageing (or creep) effect.

Zhang & Wang (2015) also studied the shear wave velocity 𝑉 𝑠 changes with respect to the penetration depth during pile installation, the compression period, and the setup period. The soil was under the K0 condition and experienced an original ageing (or creep) process during the compression period. It appeared that the shear wave velocity 𝑉 𝑠 tends to increase in all the measurements. Based on [START_REF] Lehane | Mechanisms of shaft friction in sand from instrumented pile tests[END_REF]'s equation, ∆𝜎′ 𝑟𝑝 = 4𝛿𝐺 𝐷 𝑝 ⁄ , the ageing effect on the shear modulus 𝐺 increase occurring during the setup period can lead to an increase in ∆𝜎′ 𝑟𝑝 and hence in the pile shaft resistance. This 𝑉 𝑠 (or 𝐺) increase during the setup period can be explained by the changes in contact forces among particles (revealed by the pressure sensors). These measurements (hoop, radial and vertical), shown in Figure 2.46, confirmed that the homogenisation of contact force occurs during the pile setup period. In fact, the weak contact normal forces increase while the strong ones tend to decrease. 2. 3.3.6 The 3SR Grenoble Calibration Chamber model pile tests [START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] Silva ( 2015) used during his thesis work the large 3SR calibration chamber in Grenoble to perform series of tests on model piles. The calibration chamber, shown in Figure 2.47, comprises three cylindrical steels sections assembled by a series of metal bolts. A reaction frame of approximately one ton covers the calibration chamber, resting over two parallel rails. An electrical jack with a maximum capacity of 4kN is installed above the reaction frame. An important instrumentation was deployed to establish local stresses and loads during installation, ageing period, and load testing, with good long-term boundary stress and temperature controls [START_REF] Jardine | Experimental Arrangements for Investigation of Soil Stresses Developed Around a Displacement Pile[END_REF]. [START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] used Fontainebleau NE34 and GA39 test sands that are described in Table 2.13. The sand masses were placed by air-pluviation and could be tested in dry or wet conditions. The initial density indices ID were of 70 and 40% for the NE34 and GA39 sands respectively. The vertical pressures were of about 150 kPa and were maintained in most tests before pile installation, over the ageing period and during load testing. Nine tests were performed with the 36 mm diameter, cone-tipped, stainless steel mini-Imperial College pile (mini-ICP). It records local shaft shear and radial stresses accurately through three surface stress transducers (SSTs) as well as axial loads and temperatures. Other tests involved: (i) a standard 36 mm diameter cone penetrometer (CPT) probe with an oxidisable steel shaft and (ii) un-instrumented (36 mm and 12 mm diameter) stainless steel piles. Fifteen piles were installed by cyclic jacking, seven were driven. The 36 mm stainless steel piles were air-abraded to give a Rcla of about 4 µm to limit the relative radial stress variations expected from constrained interface dilation. The 12 mm piles had a RCLA of about 1 µm. Since the CPT piles were oxidisable, they experienced some corrosion over time and were rougher than the airabraded stainless-steel piles, which leads in some cases to higher shaft capacities. Table 2.14 summarises the testing program and testing objectives of each pile.

The chamber boundary conditions comprised:

-BC1, passive stress-controlled boundaries -BC3, passive radial rigid wall -BC5, radial boundary controlled actively to replicate field conditions.

The objective was to examine the influence of:

-Chamber-to-pile diameter ratio: 33 for the 36 mm diameter pile and 100 for the 12 mm diameter pile The 36 mm diameter stainless-steel pile did not show any ageing comparable to the field full scale Dunkirk steel piles [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF], Chow et al.1998, Brucy et al. 1991), despite varying multiple parameters. Boundary stress measurements assessed the chamber-to-pile diameter ratio influence. In fact, calibration chambers cannot match perfectly the self-weight and distant boundary conditions experienced by piles in the field. [START_REF] Salgado | Cavity expansion and penetration resistance in sand[END_REF] analysed the cavity expansion problem and recommended that the chamber-topenetrometer diameter ratio should be 100 times higher to minimise the effects of the chamber boundaries.

Only the BC5 "free-field simulator" conditions led to important capacity gains through 𝜎′ 𝑟 increase with time.

The BC5 piles showed modest subsequent shaft 𝜎′ 𝑟𝑐 and capacity gains over time (Figure 2.48). [START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] observed a shaft capacity gains because of the increase of 𝜎′ 𝑟 . Figure 2.49 shows that no significant changes on either dilatancy or 𝛿 𝑐𝑣 . Under axial loading, the model tests did not show gains over time in interface shear angles or degree of interface dilation (deduced from local stress transducers), despite varying the pile or grain size, adding free water, altering the number of jack strokes, or introducing dynamic driving and cycling the radial and axial boundary stresses. However, the model tests showed an increase in shaft capacity under low-level axial load cycling and being damaged severely by hard driving or high-level cycling. [START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] concluded that the intensive model pile measurements confirmed end of installation stress conditions confirming the hypothesis of radial stress redistribution behind set-up, with circumferential and radial effective stresses developing their maxima at significant radial distances from the shaft. This stress redistribution results in an increase in radial effective stresses and axial friction capacities, which develop ageing effects.

He also argued that the physiochemical processes can be more observed in the field. However, the stress redistribution mechanism and the enhanced constrained dilation have more significant roles in the field-setup trends. 

Conclusion

Several researchers have investigated the question of piles set-up in sand. They therefore conducted studies to highlight the increase in the shaft capacity of the pile or in the bearing capacity (as set-up aspect) with different soil and experiment parameters: type of sand; degree of saturation; pile material; and installation method (jacked or driven).

Most of the studies demonstrated a remarkable set-up for driven piles. While for jacked piles, the set-up is noticeable but less important.

The hypotheses concerning the mechanisms responsible for the set-up are therefore studied. Most of studies point out that the stress redistributions following pile installation is the main mechanism behind set-up [START_REF] Lim | Set-up of pile shaft friction in laboratory chamber tests[END_REF][START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF][START_REF] Axelsson | Long-term set-up of driven piles in sand[END_REF][START_REF] Zhang | Examining setup mechanisms of driven piles in sand using laboratory model pile tests[END_REF].

The physiochemical processes were also found to influence the pile set-up [START_REF] White | A model-scale investigation into ' set-up ' of displacement piles in sand[END_REF][START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF]. However, it conditioned by the pile material and the presence of water.

Friction fatigue on piles

Several studies in the past reported that the local shaft friction at any level varies with pile penetration. This phenomenon was named by Heerema (1978) as 'friction fatigue'. [START_REF] Lehane | Mechanisms of shaft friction in sand from instrumented pile tests[END_REF] observed this phenomenon during pile installation. The authors performed a series of full field tests on jacked piles in the Labenne dune sands (mainly quartz sands) with the 102 mm diameter cone ended rigid instrumented ICP steel pile. The pile was instrumented with three clusters comprising an axial load cell, two pore pressure sensors, a temperature sensor, and a surface stress transducer, which recorded local radial and shear stresses at the pile shaft. More, to estimate the total shaft contribution, an additional axial load cell was installed at the pile head. A design method was proposed by [START_REF] Toolan | Skin Friction of Piles in Sand[END_REF] to consider this reduction in friction based on both the embedment length of the pile and the sand relative density as shown in Figure 2.51. They proposed to account the unit skin friction using the β parameter linking the shaft friction to the vertical effective overburden pressure (𝑓 𝑠 = 𝛽. 𝜎′ 𝑣 ) based on the triangular distribution of 𝜏 𝑓 , at any given location (a "sliding triangle" can be used, where the limit value at the tip remains constant and at the same time the average value is kept the same) This parameter tends to decrease with depth and increase with relative density. The API [START_REF] Randolph | Design of driven piles in sand[END_REF]) and ICP [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF]) design methods account for friction fatigue using equations that can be divided into (i) the maximum available shaft friction (𝜏 𝑓 ) from sand horizon above the pile tip and (ii) the 'fatigue' of 𝜏 𝑓 as the pile tip penetrates further. [START_REF] Randolph | Design of driven piles in sand[END_REF] reduced the lateral stress with active earth pressure conditions in proportion to 𝑒 -𝜇ℎ 𝐷 ⁄ , where h is the distance above the pile tip, D the pile diameter and μ is the degradation factor. This factor is influenced by several variables, such as soil compressibility, pile roughness and incremental driving energy. On the other hand, [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] expressed friction fatigue as ℎ 𝑅 ⁄ effect and suggest that the horizontal stress acting of the pile shaft reduces in proportion to (ℎ 𝑅) ⁄ -𝑟 , where r = 0.38 provides the best fit to a large database of load tests.

There are difficulties to identify the mechanisms behind friction fatigue phenomenon, and there is no model providing a basis of the derivation of factors like μ and r. Figure 2.51 demonstrates the extreme cases of low and high friction degradation during installation and shows that the rate of degradation is influenced by the installation process.

Four soundings using a CPT instrument equipped with four friction sleeves located above the penetrometer tip are shown in Figure 2.52(a) [START_REF] Dejong | Investigation of particulate-continuum interface mechanisms and their assessment through a multi-friction sleeve penetrometer attachment[END_REF]. Three of them gave measurements of sleeve friction at distances between 167 mm and 1517 mm behind the shoulder of the cone tip. During sounding, with jacking strokes over a length of 1 m representing 23D, the second and third sleeve measured frictions that are around 8% below and above respectively those measured by the first and last sleeves respectively. This minor difference in recorded friction is explained by the fact that the second and third sleeves were 0.05 mm smaller and larger than the first and last one. However, the three soundings indicated no decrease in shaft friction between h/D = 4 and 35 (167 mm and 1517 mm behind the penetrometer shoulder).

In between jacking strokes, when the load was still subjected to a load at the pile head, the stationary horizontal effective stress 𝜎′ ℎ𝑐 , acting on the shaft of the 101 mm diameter ICP pile (DK2) at three stages during installation are shown in Figure 2.52(b) (Chow 1997). Observations were made from the four horizontal stress transducers located along the pile shaft. A clear tendency for 𝜎′ ℎ𝑐 measured at a given depth (z) to decrease with increasing penetration is apparent. For the fourth instrument, located 3760 mm (37D) behind the pile tip, the recorded 𝜎′ ℎ𝑐 had fallen to 98 kPa, which is less than 60% of the value measured at h = 4D. Moreover, the shear stress at failure 𝜏 𝑓 also showed a degradation with h identical to the 𝜎′ ℎ𝑐 rate. This observation is in contrast to that shown in the Dejong CPT experiments, suggesting a potential influence of the respective penetration procedures. , 1996).

The results of a full scale instrumented tubular pile installed in dense sand for the EURIPIDES Project (Fugro, 1996) are presented in Figure 2.52(c). A heavily instrumented 762 mm diameter open-ended pile was tested at three penetrations between 30 and 47 m BGL. The site had a dense sand layer below 22 m, with CPT qc values ranging from 45 to 70 MPa. The distribution of shear stress at failure 𝜏 𝑓 at a pile head settlement of D/10 calculated from the axial force distribution in the pile is presented. Some scatter is obvious, which is normal considering the hard conditions imposed to the instrumentation during such hard driving (90 kJ hammer, with blow count of around 400 blows/m at the final depth). The external shaft frictions deduced over the lower two diameters are influenced by high internal shaft friction induced on the plug (shown dotted). A clear trend for friction fatigue is showed: for example, over the depth between 30 to 35 m, the mean 𝜏 𝑓 was 330 kPa during the load test when the pile tip was at 38.7 m, and after a further 8.2 m (11D) of driving, a retest showed that this value of 𝜏 𝑓 reduced to 130 kPa (only 40% of the initial value). During driving between load tests, approximately 3000 blows were applied to the pile.

These examples cited above assume that friction fatigue is conditioned by loading cycles, and that a greater number of cycles imposed during installation leads to a larger reduction in shaft friction at a given horizon. This perception suggests that the distribution of shaft friction after pile installation could be better predicted by a relationship to friction fatigue to the loading cycles (hence the installation method) rather than using an empirical function with h/D.

White & Lehane ( 2004) performed a systematic investigation onto the effects of the installation method on friction fatigue and shaft capacity of displacement piles in sand. The experiments were conducted at a reduced scale (ring channel with an outer diameter of 1.2 m, an inner diameter of 0.8 m and a height of 0.3 m) using instrumented model pile in a drum centrifuge (at the University of Western Australia) so that a large number of pile installations could be performed in a uniform soil sample at approximately two orders of magnitude lower than an equivalent series of field scale tests. A special interest was given to the distribution of lateral stresses acting on the centrifuge piles during installation and subsequent cyclic load tests to better understand the friction fatigue mechanism. The pile had a square section of 9 x 9 mm, 185 mm long and were made from stainless steel with a RCLA of 0.55 µm. Six pressure cells were installed at four locations (h/B = 1, 3, 6 and 12, with h the height above the pile tip and B the pile width). The sand used was a uniform fine silica sand (Table 2.15), and a single batch of sand was used for all the tests. A total of 12 CPT tests were performed in the sand bed, using a 6 mm diameter CPT. Four of these tests are presented in Figure 2.53. The Lunne & Christofferson (1983) 's correlation between qc, σ'v and Dr, estimates that the sample relative density Dr increases with depth from 20% at the sample surface to 80% at 60 mm depth and 90% at 120 mm. This could be attributed to the reducing fall height of the sand during preparation. The pile was installed to a final depth L of 120 mm, and installation was paused after 60 mm of penetration so that a static compression test could be performed before installation continued to the full depth. After that, the pile was unloaded before applying a sequence of static and/or cyclic load tests. Three techniques were used in order to investigate the influence of cycling during penetration: (i) monotonic, (ii) jacked and (iii) pseudo-dynamic installation. Moreover, a sequence of load tests was performed for each pile test: (i) compression load test, (ii) cyclic compression load test, and (iii) cyclic compression tension load test. 2.5 Scale effect Meyerhof (1983) studied the scale effects on the ultimate tip resistance and the ultimate skin friction. Field data results [START_REF] De Beer | Etude des Fondation sur Pilotis et des Fondations Directes[END_REF]& 1979;[START_REF] Huizinga | Application of Results of Deep Penetration Tests to Foun-dation Piles[END_REF][START_REF] Kerisel | Fondations profondes en milieu sableux[END_REF][START_REF] Rollberg | Bestimmung des Verhaltens von Pfahlen aus Sondierund Rammergebnissen[END_REF][START_REF] Ishihara | Blast Furnace Foundations in Japan[END_REF][START_REF] Franke | Drei Serien von Probebelastungen and Grossbohrpfdhlen in Sand[END_REF][START_REF] Reese | Design and Construction of Drilled Shafts[END_REF][START_REF] Tejchman | Analysis of Safety Factors of Bearing Capacity for Large Diameter Piles[END_REF] on driven and bored piles of different diameters and embedment ratios in sand layers support the proposed relationship for piles of less than about 0.5 m diameter (equation 2-7).

Figure 2.55 Empirical reduction factor for Ultimate Point resistance of large diameter piles in sand (Meyerhof, 1983) For piles of larger diameter, an empirical reduction factor of the ultimate tip resistance is deduced, which decreases with greater pile base diameter and with greater sand density, or with average static cone, or standard penetration resistance near the pile point [START_REF] Huizinga | Application of Results of Deep Penetration Tests to Foun-dation Piles[END_REF][START_REF] Meyerhof | Bearing Capacity and Settlement of Pile Foundations[END_REF].

The reduction factor, Rb, for a given diameter B, of driven and bored piles in similar density is found to be approximately the same. The value of Rb is around unity on the average for piles less than about 0.5 m. This value decreases with increasing the pile diameter in sands of various densities (Figure 2.55) and can be represented by the following equation: Where B is the pile base diameter in m, and n is an index taken as =1 for loose sand, =2 for medium dense sand, and =3 for dense sand (Figure 2.55). Meyerhof (1983) made the same comparison for the ultimate unit skin friction of driven and bored piles in sand of a given density and it appears that no changes were observed with respect to the pile diameter.

More recently, [START_REF] Lehane | Scale effects on tension capacity for rough piles buried in dense sand[END_REF] presented findings from an investigation into the effect of pile diameter on the ultimate friction induced in a uniform dry dense sand. The experimental part of the study comprised tension tests in a centrifuge with piles with four different diameters at four separate average stress levels (through different g-levels). The campaign was conducted so as to minimize uncertainties related to test interpretation in the following ways:

-The model piles were embedded by burial to ensure that the lateral stresses on the shafts prior to axial loading closely approximated normally consolidated K0 conditions (in order to avoid the need to separate the effects of driven or bored pile installation on the stress conditions around the shafts).

-The shafts were fully rough to eliminate potential changes in interface friction angles.

-The UWA sand used is the standard sand used in centrifuge tests at the UWA University (Western Australia) and is well-known.

The UWA sand is a fine to medium sub-angular silica sand with D50 of 0.20 mm, emax of 0.76 and emin of 0.49. The relative density employed in the centrifuge experiments was of about 85%. The sand preparation method was the same as the one described in section 2.4 [START_REF] Lehane | Friction fatigue on displacement piles in sand[END_REF]. The piles were aluminum rods with a length of 130 mm and diameters (D) of 3, 5, 10 and 18 mm. All the piles had sand grains bounded to their shafts to create a fully rough interface. The piles were tested in tension by applying a constant displacement rate of 0.05 mm/s to the pile head using a 2 kN capacity load cell. 2005) observed that at any given average initial stress level, the peak shear stress (𝜏 𝑝𝑎𝑣 ) reduces with pile diameter (Figure 2.56 (a)). 𝜏 𝑝𝑎𝑣 𝜎′ ℎ0 ⁄ ratios (with 𝜎′ ℎ0 the initial average lateral effective stress) reduces as both 𝜎′ ℎ0 and D increase (Figure 2.56 (b)). On the other hand, a ratio of ∆𝜎′ ℎ 𝜎′ ℎ0 ⁄ with ∆𝜎′ ℎ = 𝜏 𝑝𝑎𝑣 tan 𝛿 -𝜎′ ℎ0 (where 𝛿 = 𝜙′ 𝑐𝑣 ), was plotted by against pile diameter in Figure 2.57. This ratio tends to reduce with an increase in pile diameter and initial stress level. This conclusion is consistent with the cavity expansion analogy (Equation 1.4) and the concept of constrained dilatancy (maximized for small piles) proposed by [START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF]. In all the sites, the water table was underneath the test platforms, except at Bures where the layer concerned with model piles was not saturated.

The large-scale piles were divided in two categories:

1) 2 short piles (CS and CL), 13.2 m long, cut back at 11.7 m after driving over 11 m. Strain gauges were glued to the outer wall and distributed in 10 levels along the pile.

2) 2 long piles (LS and LL), 23.5 m long, driven in 2 elements to 22 m into the soil and then cut back to 22.4 m. Single level of 2 strain gauges were glued, located at 0.3 m above the toe. [START_REF] Brucy | Behaviour of a pile plug in sandy soils during and after driving[END_REF] investigated the contributions of the plug to the soil resistance to driving and to the static bearing capacity. In this sense, the height of soil column inside the piles was measured throughout the driving and the following operations.

After driving, most of the model piles and the 2 short large-scale piles were subjected firstly to a static tensile loading test followed by a compressive one. Tensile loadings were performed on all piles and procedures continued with the controlled removal of the soil column inside each pile. Piles with their reduced soil column were then re-driven for a short penetration and the programme was completed by further static tensile and compressive loading tests on model piles and on piles CL and CS.

The incremental filling ratios represented by the local gradients of the pile filling curves were calculated for every experimental pile. These curves were very similar at any specific site; however, wide variation was found between sites (Figure 2.58). When compared, the filling curves of the model and large-scale piles at Dunkirk (Figure 2.59) showed that the mode of penetration is dependent on the pile diameter (down to 1.5 m the large-scale piles are still coring, while the model piles show an incremental filling ratio of about 70%).

Moreover, the incremental filling ratio appeared to be linked to the density and compressibility of the sand entering the pile. Apart of these two parameters, the input driving energy could also be influent. Indeed, at Dunkirk, the model piles were driven with the same mass falling from different heights. The higher the energy was, the higher were the incremental filling ratios (Figure 2.60). The soil column present inside the pile influences the driving results. This influence can be highlighted by comparing the results obtained when the piles were re-struck after they have been more or less emptied of their soil column. The blow counts were always reduced with the soil column removal. In addition to the blow counts, the dynamic monitoring performed on the piles underscored the influence of the soil column. In all test sites, during tensile and compressive loadings, no movement of the soil column with respect to the piles was observed (Figure 2.61). The model and large-scale piles showed a complete plugging behaviour under static loading. The load transfer from the pile to the soil was investigated from the loads measured at the different levels of the pile by the strain gauges. The tensile loading mobilised the external shaft friction while the compressive loading mobilised both the external and the internal shaft friction, in addition to the toe resistance. To eliminate the internal shaft friction during compressive loading, the soil column inside the pile were cleaned. The results are presented in Figure 2.62. In contrast to the driving and re-striking observations, the static loading results were not affected by the partial removal of the soil column. The authors explained this plugging effect by an exponential cumulation of stresses inside the piles. 2.6.2 Imperial College Study [START_REF] Chow | Time-related increases in the shaft capacities of driven piles in sand[END_REF], Chow 1997) As part of the CLAROM project described in the previous section, four open-ended steel piles (324 mm in diameter; 11 and 22 m in length) were installed in December 1988 in Dunkirk (denoted T89a, C89a, T89b and C89b in Figure 2.63; T for Tension test, C for Compression test). In 1994, Imperial College tested two piles in tension. Additional experiments were conducted with the Imperial College Pile (ICP, 100 mm diameter) [START_REF] Chow | Field measurements of stress interactions between displacement piles in sand[END_REF][START_REF] Chow | New design methods for offshore piles[END_REF].

Figure 2.63 CS pile load-displacement curves (Chow, 1997) The peak loads observed in 1989 and 1994 are displayed in Table 2.16. The most important results from 1988 -1994 tests are presented in Figure 2.63. Pile CS (strain-gauged) was submitted to a first restrike five months after installation. After a tension test to failure, a compression test was carried out six months after driving, and the previous test was performed again three months after a second re-strike with partial removal of the sand plug. In 1989, minor differences between the pairs of tests were noticed, which indicates a lack of ageing effects. However, in 1994, Chow found a tension capacity 85% higher than the one five years earlier (Figure 2.63). To extract pile CL, a very high load was also required. In the same sense, the extraction of the long piles LS and LL necessitated approximately 3.2 MN and 3.1 MN respectively. On the other hand, the upper 7 m of the extracted piles had corroded to form a strongly adhering sand/rust layer of about 5 mm thick. Below 7 m, the corrosion was insignificant and that because near the pile toe the oxygen supply was low, only allowing crevice corrosion which created small spots of rust beneath individual sand grains. (Chow 1997) The large-scale CLAROM piles at Dunkirk, listed in Table 2.17, were associated to the ICP (Imperial College Pile) program of work to:

1) Measure the stress changes in dense sand due to ICP installation, equalization, and loading.

2) Examine the stress changes caused by the installation of an adjacent pile and the consequences for pile group behaviour.

3) Test and improve the design proposals for single, closed-ended piles in sand, 4) Re-analyse the results from the full-scale, open-ended CLAROM piles driven at the same site considering the ICP effective stress measurements and evaluate the effect of scale, penetration method and end-conditions.

5) Study the changes in the shaft capacity of the CLAROM piles after a five-year long-term ageing period.

The program test was carried out from 23 May to 23 June 1994, and consisted of three ICP installations to depths ranging from 5.95 to 7.54 m.

On the other hand, the load tests aimed to study the influence of: a) First time loading:

-Pile length and depth.

-Direction of first-time loading (tension vs. compression).

-Rate of loading.

b) Subsequent tests:

-Direction of re-loading (changes in shearing direction).

-Behaviour at large displacements.

-Length of equalisation or set-up periods between tests.

-Cyclic loading.

-Interaction effects between adjacent piles in group.

For the first time loading, the following conclusions are drawn:

-The peak shaft capacity in tension was lower than in compression.

-The response in tension was softer than in compression, requiring around 60% more displacement to reach peak shaft resistance.

-The base resistances qb available at peak shaft capacity corresponded to approximately 72% of qb measured at the end of installation and an average bearing capacity factor, Nq ≈ 110. Base load increased lightly with further displacement but did not exceed 0.9 qb.

-In compression, the shear stresses were mobilised at an average rate of 40kPa/mm over the first 3mm piles head displacement. In tension, this average rate was of 30kPa/mm.

-In compression, the highest rate of shear stress development occurred close to the pile tip. In tension, the highest rate of shear stress mobilisation occurred at the soil surface.

-In tension, the shear stresses along the bottom half of the pile were lower than those in the equivalent compression tests.

-The increase in the radial effective stress, 𝜎′ 𝑟 , during loading is depending on sand density with the greatest increases along the upper part of the piles in the dense sand layer.

The reloading tests main conclusions are the following:

-Inversions in shearing direction resulted in a reduction in shaft resistance and a softer loading response. Reversals from compression to tension caused lower reductions than reversals from tension to compression.

-When reloaded in the same direction, the piles showed increases in shaft capacity and very small displacements were required to remobilise peak shaft resistance.

-The load applications caused the pile head to rise and fall with plastic deformation accumulating during the first 20 cycles, resulting in a clear pile head displacement at the end of cycling.

-The installation of neighbouring pile in sand leads to increases in pile shaft capacity.

-The adjacent installation cause pile uplift, resulting in a reduction in residual base load and a corresponding decrease in base stiffness and contribution during load testing.

-After installation, the piles in group will exist in different stress states and behave differently during loading. The efficiency of a pile group in sand can be greater than one. *The equalisation period is the elapsed time since the end of installation or the previous load test.

2.6.3 GOPAL Project [START_REF] Parker | OTC 10828 Jet Grouting To Improve Offshore Pile Capacity: GOPAL Project[END_REF], Jardine et al., 2006) Fresh and pre-tested plain driven piles, listed in Table 2.18, were incorporated into the research program of the GOPAL project. The purpose of these tests was to study (i) the rate of capacity gain in 'fresh' piles; (ii) the initial delay of the ageing processes; (iii) time-scale medium-term gains stabilisation; (iv) pre-testing to failure vs. the time-capacity relationships; (v) cyclic loading effects on the ageing trends. Based on the ICP approach, Jardine et al. ( 2006) calculated the capacities for the reaction (R1 to R6) and compression (C1) piles depending on the overall effects of local variations in ground conditions (Table 2.

19).

The predicted capacities for the plain piles were highest at locations where driving was relatively hard (C1, R1 and R4) and are lowest where driving was easier (R6 and R3). As presented in Figure 2.64, the three tests (R1-9 days, R6-81 days and R2-235 days) are difficult to differentiate up to 1000 kN, suggesting no time effect in stiffness, after which the curves are separated following a smooth trend until reaching the limiting tension capacity at around 30 mm displacement. On the other hand, the 'fresh' piles gained much more capacity than expected from ICP predictions. This is explained by the fact that the piles developed their ICP capacities ten days after driving, increasing to values of about 2.3 times higher over the test period. Low-level cyclic loading was performed on pile R4 to assess whether it could accelerate the postulated arching creep processes and augment capacity. In parallel, pair of static tests were performed on a similar pre-failed pile R3 after a comparable set of test dates without applying the cyclic loading. Pile R3 showed a more modest recovery (17%) in capacity and pile R4 a recovery of about 20%. The authors concluded that low-level cycling may have beneficial effects on pile capacity, and piles can "self-heal" with time after small losses of cyclic capacity.

More generally, [START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF] concluded that the 'fresh' piles developed significant gains in their tension (and compression, pile C1) shaft capacities during the weeks and months after driving. The ageing processes seemed to begin within few days after driving and the shaft capacities augmented over eight months to more than double the values obtained few days after driving (or expected from ICP short-term predictions). It is evident that pile capacities are damaged by failure and cannot support the same loads as intact aged piles.

Review of potential ageing mechanisms

The understanding of the mechanisms behind the ageing effects is essential to determine the respective soil and environmental contributions. Four categories of mechanisms have been proposed in the literature to explain sand ageing: chemical, mechanical, excess pore pressure dissipation and biological mechanisms. Each of them envelops processes that will be discussed in the following sections.

Chemical mechanisms

The principle of this mechanism is based on the precipitation of dissolved minerals, forming cementation between sand grains, but it also includes corrosion when corrodible materials are involved.

After vibrating plate experiments, [START_REF] Denisov | The Influence of Certain Processes on the Strength of Soils[END_REF] were the first to propose the occurrence of chemical mechanisms. Mitchell & Solymar (1984) also confirmed the importance of this process after a field study of the main dam of the Jebba Hydroelectric Development on the Niger River. For [START_REF] Charlie | Time-Dependent cone penetration resistance due to blasting[END_REF], the temperature affects the ageing phenomenon. In fact, they noted that a warmer climate induces higher time-dependent increase in field cone penetration test results. Knowing that the temperature has a greater influence on chemical than mechanical processes, this observation is supporting the theory that chemical processes could be predominant.

A laboratory study was conducted by [START_REF] Baxter | An experimental study on the aging of sands[END_REF] to study chemical mechanisms. Three different sands (Evanston Beach, Density, and Lighthouse sands) were aged under four types of pore fluid: distilled water (as a control), air, distilled water saturated with CO2, and ethylene glycol. Twenty-two tests were conducted in rigid wall cells in which the small strain shear modulus, electrical conductivity, pore fluid chemistry, and the mini-cone penetration resistance were monitored over time. The samples were prepared to relative densities of 40 or 80% and aged at 25 or 40°C with a vertical effective stress of 100 kPa applied for 30 up to 118 days. Even though no ageing evidence had been showed in this study, the electrical conductivity tests exhibited interesting results. Samples aged in CO2 saturated distilled water showed the highest electrical conductivity, whereas the ethylene glycol samples had little change due to the presence of silica and carbon. On the other hand, Evanston sand exhibited the greatest increase in electrical conductivity because of the high percentage of soluble fractions of the three sand types. In contrary of [START_REF] Joshi | Effect of aging on the penetration resistance of sands[END_REF] laboratory results presenting SEM photographs of sand grains with precipitates at the contacts, Baxter (1999) SEM photographs did not show precipitation on the grains. This can be explained by the fact that Baxter's samples, which were not completely drained prior to SEM analysis, had precipitates on the grains.

On the other hand, [START_REF] Yun | Decementation, Softening, and Collapse: Changes in Small-Sgtrain Shear Stiffness in k0-Loading[END_REF] studied the effects cementation of Nevada sand. They studied the effects of artificial cementation added to the sand, and vertical effective stress. It was proven that cementation was by far the most powerful factor in the soil shear wave velocity changes. The natural cementation had an effect of soil deposits that undergo wetting-drying cycles, contact yield, and solution precipitation. The authors studied, for example, samples containing 2% and 4% Portland cement by weight.

They observed that increasing cementation shows the same trends as natural deposits undergoing sand aging. This observation proves that cementation can produce similar aging effects as those seen in the field.

In general, it can be concluded that precipitation of minerals and cementation at sand grain contacts can lead to increases in strength and stiffness. Without forgetting that chemical processes do not explain all sand ageing cases, and that [START_REF] Baxter | An experimental study on the aging of sands[END_REF] showed that even when circumstances are right for mineral precipitation, chemical ageing does not always take place.

Mechanical mechanisms

One of the first assumption concerning the mechanical origin of sand ageing is related to particle rotation and reorientation, as well as grain crushing and asperity degradation taking place over time, leading to a stronger (more compact) soil structure [START_REF] Schmertmann | Discussion of Time-Dependent Strength Gain in Freshly Deposited or Densified Sand[END_REF](Schmertmann , 1991;;[START_REF] Mesri | Postdensification penetration resistance of clean sands[END_REF]. More precisely, it has been suggested by [START_REF] Mesri | Postdensification penetration resistance of clean sands[END_REF] that micro-and macro-interlocking between grains during secondary compression would induce strength and stiffness increases. They concluded that a more rational explanation of ageing of clean sand is in terms of frictional resistance and effective horizontal stress. In the same sense, [START_REF] Bowman | The Aging and Creep of Dense Granular Materials[END_REF] provided evidence of the importance of the mechanical processes. A resin was injected into samples after subjecting them to different loads to study the particle orientation. The results (Figure 2.66) showed that particles had a preferential orientation with the long axis perpendicular to the major principal stress, implying particle rotation. It also had been showed that this particle orientation cannot resist to the changes in major principal stress direction.

Lade and Liu (1998) and [START_REF] Lade | Strain Rate, Creep, and Stress Drop-Creep Experiments on Crushed Coral Sand[END_REF] studied creep effects on Antelope Valley sand and crushed coral sand, respectively. Typical creep results for crushed coral sand are presented in Figure 2.67. In both cases, strain rate did not affect creep results. [START_REF] Lade | Static Fatigue Produces Time Effects in Granular Materials[END_REF] attribute this behavior to static fatigue. They propose that particle breakage could explain the former results. Hence, they stated the static fatigue of glass beads. While there was a great scatter in the results of the glass bead tests, the authors propose that, when averaged over a large assembly of particles, the static fatigue behavior could be more predictable.

Effect of dynamic disturbance and pore pressure dissipation

As discussed in the "penetration resistance" section, [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF] concluded that dissolution of bubbles, induced by explosive densification, contributed to ageing process. In fact, greater ageing effects were found when more gas was introduced by using larger explosives [START_REF] Hryciw | A Study of the Physical and Chemical Aspects of Blast Densification of Sand[END_REF]. As far as that goes, ageing incidence was greater closer to the blast, where gas bubbles were more ample. [START_REF] Thomann | Stiffness and strength changes in cohesionless soils due to disturbance[END_REF] clarified this behaviour by the observation that greater ageing effects could be expected following greater disturbances (see section 2.2.1 Small strain modulus and stiffness).

On the other hand, other laboratory testing results demonstrated that excess pore pressure dissipation affects ageing. For instance, [START_REF] Leclerc | Evaluation of Gas Dissipation as a Mechanism for Aging of Sands[END_REF] was able to show that samples of Ottawa sand (prepared to 50% relative density and partially saturated with air and 𝐶𝑂 2 ) aged significantly after a period of two weeks.

Although ageing takes place in conditions without air bubbles, some researchers had shown its importance.

Biological mechanism

The difference may be small between chemical and biological processes. This has been demonstrated for instance by [START_REF] Mitchell | Biological Considerations in Geotechnical Engineering[END_REF]. They found that biological activity could change the pH of pore fluid and promote the precipitation of minerals and hence the cementation. Nevertheless, reproduction of bacteria would require to be present in larger quantities so as to control sand ageing phenomenon.

Briefly, number of conditions must be respected. for the biological mechanism to be considered in the timedependent ageing gains. Regarding the large number of ageing history cases, this mechanism cannot be account as predominant.

Rate and magnitude

Beyond the scientific questioning of the effects of ageing in granular soils, the question of the rate of benefit that can be drawn from it is of great importance. In practice, from a geotechnical viewpoint, two questions arise:

• In a given soil, how much increase or change can we have,

• How long should it take to occur.

A summary of information on the rate and magnitude of property changes with time of sand ageing from several studies (Table 2.20). The ageing outcomes for initial shear modulus are reported in Figure 2.68. The overall range for different sands can be large because of the high values of NG for carbonate sands. For clean silica sands NG values are of the order of 0.03 or less and the experimental data from [START_REF] Human | Time dependent property changes of freshly deposited or densified sands[END_REF][START_REF] Howie | Effect of ageing on stiffness of very loose sand[END_REF][START_REF] Baxter | Experimental Study on the Aging of Sands[END_REF] are in this range.

Figure 2.68 rate of initial shear modulus increase as a sand ageing effect [START_REF] Mitchell | Aging of Sand -a Continuing Enigma ? 6th International Conference on Case Histories in Geotechnical Engineering[END_REF] The normalised curves for CPT tip resistance as function of time are shown in Figure 2.69. [START_REF] Mesri | Postdensification penetration resistance of clean sands[END_REF] equation groups most of the results. The main parameters in this equation are the ratio of the secondary compression index to compression index and the CD parameter, that are back calculated by [START_REF] Mesri | Postdensification penetration resistance of clean sands[END_REF] as a correlation between the ageing data from the case history measurements and their equation given in Table 2.20.

Figure 2.69 Rate of CPT penetration resistance increase as a sand ageing effect [START_REF] Mitchell | Aging of Sand -a Continuing Enigma ? 6th International Conference on Case Histories in Geotechnical Engineering[END_REF] Regarding the effect of ageing on SPT resistance, few data could be found (Figure 2.70). [START_REF] Al-Sanad | Effects of Aging on Freshly Deposited or Densified Calcareous Sands[END_REF] give a limited data of a specially prepared field test section containing calcareous sand, which might develop cementation that cannot occur in clean silica sand. The Kulhawy and Mayne 1990 equation give an approximation based on a dispersed set of values, most of these values are for sand with ages greater than 50 years.

Figure 2.70 Rate of SPT penetration resistance increase as sand ageing effect [START_REF] Mitchell | Aging of Sand -a Continuing Enigma ? 6th International Conference on Case Histories in Geotechnical Engineering[END_REF] The rate of cyclic strength as a result of sand ageing is presented in Figure 2.71, where tan ϕt / tan ϕt1 is plotted as a function of time. As the static shear strength is a large strain effect, the initial soil structure formed during ageing is expected to be broken before the peak or ultimate strengths are reached (e.g., Figure 2.71).

Further, the curves presented in Figure 2.71 show a durable increase with time as it is typically based on the number of load cycles or stress level to reach 100 pore pressure ratio or a specified shear or axial strain. This difference is explained by the fact that the static strength is a cap value, while the cyclic strength is the total energy necessary to break down the sand structure.

Figure 2.71 Rate of cyclic strength increase as a result of sand ageing [START_REF] Mitchell | Aging of Sand -a Continuing Enigma ? 6th International Conference on Case Histories in Geotechnical Engineering[END_REF] The pile capacity increase from [START_REF] Chow | Effects of Time on Capacity of Pipe Piles in Dense Marine Sand[END_REF] and [START_REF] Bowman | The Aging and Creep of Dense Granular Materials[END_REF] is presented in Figure 2.72. The increase in total capacity is allocated principally to the increase in shaft resistance. Hence, the rate of increase of shaft resistance ratio, Qs/Qs0, is slightly greater as shown in Figure 2.72.

Figure 2.72 Increase in shaft and total pile capacity with time for displacement piles in sand (from [START_REF] Chow | Effects of Time on Capacity of Pipe Piles in Dense Marine Sand[END_REF][START_REF] Bowman | The Aging and Creep of Dense Granular Materials[END_REF].

It has been demonstrated by several studies that the rates of most time-dependent phenomena in soils, such as creep or secondary compression, are temperature dependent, with higher rates in higher temperatures (e.g., [START_REF] Mitchell | Fundamentals of soil behavior, 3rd Ed[END_REF]. The equation proposed by [START_REF] Charlie | Time-Dependent cone penetration resistance due to blasting[END_REF] (Table 2.20) demonstrated a correlation between the coefficient K, temperature and time. [START_REF] Jefferies | Discussion of 'Time-Dependent Cone Penetration Resistance Due to Blasting[END_REF] provided an equation between the coefficient K and temperature as shown in Figure 2.73. 

Conclusion

In this chapter, a review of literature was presented in order to validate or invalidate the in-situ results presented in Chapter 1.

It was established that the sand ageing effects and aspects are multiple. For instance, several studies (Table 2.21) demonstrated the time-dependent increase in shear modulus and shear strength. Moreover, the penetration and liquefaction resistance increase over time following a dynamic disturbance was also highlighted. Last and not least, the pile set-up was the subject of multiple studies for decades (Table 2.22).

It should be noted that no instances reporting set-up for bored piles in sand have been found. In contrast, many studies reported evidence of capacity increase of driven or jacked pile with time.

Several projects conducted in Dunkirk site were also presented, giving an idea about the experimental history of the site and the results obtained for large diameter and model piles (Table 2.23). In all the tests programs, an increase in shaft capacity was observed. A special attention was given to the difference between compression and tensile tests. In fact, [START_REF] Brucy | Behaviour of a pile plug in sandy soils during and after driving[END_REF] observed that the tensile loading mobilised the external shaft friction while the compressive loading mobilised both the external and the internal shaft friction, in addition to the toe resistance. Chow (1997) studied the effect of restriking on piles as well as the influence of the distance between piles. She concluded that when reloaded in the same direction, the piles showed increases in shaft capacity, and that the installation of neighbouring pile in sand leads to increases in pile shaft capacity. [START_REF] Parker | OTC 10828 Jet Grouting To Improve Offshore Pile Capacity: GOPAL Project[END_REF] and Jardin et al. (2006) observed that the piles develop their ICP predicted capacity ten days after driving and it increased to values of about 2.3 times higher. They also showed the beneficial effect of low-level cycling on pile capacity. Finally, they found that when the piles experience failure, they cannot support the same loads as the intact aged piles.

An attention is given to the scale effect of pile diameter, leading to the conclusion that the capacity reduces with increasing the diameter, contrary to what was observed in the three sites Dunkirk, Larvik and Blessington.

The probable ageing mechanisms were examined in the last section. Four categories of mechanisms have been discussed: chemical, mechanical, excess pore pressure dissipation and biological mechanisms. The importance of each of these mechanisms is demonstrated under certain conditions. Therefore, it is difficult to establish which one of them is the most predominant phenomenon.

Finally, the importance of rate and magnitude in ageing was pinpointed. Several examples were presented form field and laboratory data. The influence of temperature on ageing rate was also demonstrated by some studies. More data is needed to make a clear link between temperature and ageing processes. Understanding the effects of this parameter could be advantageous to develop more reliable equations of ageing predictions. The dilative tendency of the soil during shearing, whilst being confined by the surrounding soil arch. Pile driving in sand generates strong arching effects. The arch deteriorates with time due to stress relaxation and yields to an increase in horizontal stress on the shaft. [START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF] Homogeneous saturated sand

Open-ended steel piles (90-and 170-mm diameter, 5 m length) Closed-ended steel piles (90 mm diameter, 5 m length)

Driven

An increase in the total ultimate bearing capacity is observed for all the piles for about 20 to 40% for open-ended plugged piles to about 40% for closed-ended piles

The influence of time on ultimate bearing capacity increase should be considered when interpreting dynamic measurements of driving resistance, loading tests, and bearing capacity calculations. [START_REF] White | A model-scale investigation into ' set-up ' of displacement piles in sand[END_REF] Dog's Bay carbonate sand (Ireland) Fully saturated sand in the 1 st chamber Water table cycles in the 2 nd chamber Mild-steel and stainlesssteel piles (10 mm diameter, 0.2 m embedment) Jacked A four-fold increase in the capacity over the 30-day test period for mild-steel pile/ The cycles of pore water pressure enhanced the rate and magnitude of setup. The stainless-steel piles did not show any set-up effect in saturated conditions, and an insignificant increase with changes in water table. Open-and closedended steel piles (88.9 to 114.3 mm diameter, 2.5 and 4 m length) Driven A significant increase in pile shaft resistance with time was observed in all cases. The closed-ended piles showed higher gains with time relative to their initial capacity measured about 4 days after driving. An increase in shaft capacity by more than a factor of 10 over the period of 1 year.

The capacity of the driven piles increases considerably with time and is greater than of the jacked piles within few months. This strong set-up behaviour may be attributed to a recovery process following the high level of disturbance applied during installation. The capacity of the jacked pile at all ages was of the same magnitude than the driven pile at t = 259 days: the jacked piles have reached the maximum set-up that the driven piles can achieve The ageing effect on the shear modulus 𝐺 increase occurring during the setup period can lead to an increase in ∆𝜎′ 𝑟𝑝 and hence in the pile shaft resistance. The homogenisation of contact force occurs during the pile setup period. The weak contact normal forces increase while the strong ones tend to decrease. 

Cyclic jacking and driving installation

The piles showed modest subsequent shaft 𝜎′ 𝑟𝑐 and capacity gains over time under radial boundary controlled to replicate field conditions Under axial loading, the model tests did not show gains over time in interface shear angles or degree of interface dilation (deduced from local stress transducers), despite varying the pile or grain size, adding free water, altering the number of jack strokes, or introducing dynamic driving and cycling the radial and axial boundary stresses.

The intensive model pile measurements confirmed end of installation stress conditions confirming the hypothesis of radial stress redistribution behind setup, with circumferential and radial effective stresses developing their maxima at significant radial distances from the shaft. This stress redistribution results in an increase in radial effective stresses and axial friction capacities, which develop ageing effects. Removal of the soil column inside piles.

Redriven piles subjected to a further static tensile and compressive loading test.

The soil column present inside the pile influences the driving results.

The tensile loading mobilised the external shaft friction while the compressive loading mobilised both the external and the internal shaft friction, in addition to the toe resistance.

The static loading results were not affected by the partial removal of the soil column. The authors explained this plugging effect by an exponential cumulation of stresses inside the piles.

Imperial College

Study (Chow et al., 1997, Chow 1997) Open-ended steel piles (324 mm in diameter; 11 and 22 m in length)

Imperial College Pile (ICP, 100 mm diameter)

Driven

Tension tests to failure followed by compression tests.

Re-strike followed by compression tests.

For the first time loading tests: (i) the peak shaft capacity in tension was lower than in compression; (ii) the increase in the radial effective stress during loading is depending on sand density with the greatest increases along the upper part of the piles in the dense sand layer.

For the reloading tests: (i) Inversions in shearing direction resulted in a reduction in shaft resistance; (ii) When reloaded in the same direction, the piles showed increases in shaft capacity; (iii) The installation of neighbouring pile in sand leads to increases in pile shaft capacity.

GOPAL Project [START_REF] Parker | OTC 10828 Jet Grouting To Improve Offshore Pile Capacity: GOPAL Project[END_REF], Jardine et al., 2006) Fresh and pre-tested plain piles Driven Tension failure, unfailed tension and compression failure: first test Tension failure, cyclic failure: following tests

The 'fresh' piles gained much more capacity than expected from ICP predictions. This is explained by the fact that the piles developed their ICP capacities ten days after driving, increasing to values of about 2.3 times higher over the test period. Low-level cycling may have beneficial effects on pile capacity, and piles can "self-heal" with time after small losses of cyclic capacity. Pile capacities are damaged by failure and cannot support the same loads as intact aged piles.

Chapter III Laboratory tests

Introduction

The purpose of this chapter is to explain in detail the experimental work carried out in order to confirm or invalidate the hypotheses made so far about the effect of corrosion on pile set-up.

The field tests, supported by the conclusions drawn from the literature, led us to design a laboratory test program. The testing campaign consists in laboratory interface shear tests to study the behaviour of the sandsteel interface. To do so, the direct interface shear apparatus was used for characterizing Dunkirk sand, in both dry and unsaturated conditions, consolidated on initially smooth mild steel plates at different pre-load time intervals: 0, 1 and 7 days, and different pre-load stresses: 50, 100, 200 and 300 kPa corresponding to the estimation of the field radial effective stress at approximatively the distance between the middle and the tip of the pile. The test program also included two normal boundary conditions: Constant Normal Load (CNL) and Constant Volume (CV). The CNL tests aimed to define the Mohr-Coulomb failure envelope and the CV tests are most closely approaching the field conditions. Moreover, the unsaturated condition induced a corrosion of the mild steel plates, causing a layer of sand remaining attached to the plate after removing the shear box. Traces of corrosion were also observed on the lower part of the sand samples, in contact with the plate. These observations led to the interpretation of an increase of the mechanical properties like the local apparent cohesion and the friction angle. To push the study a step further, the evolution of the corrosion for each plate was investigated by measuring the thickness of the sand layer attached to the plates. Finally, the amount of iron in this sand layer was studied with a chemical process.

Direct Interface Shear Test Devices

Analogy between the localised shear on the pile shaft and the direct shear apparatus

During the pull-out test, shearing occurs at the interface between the pile shaft and the soil, as shown in Figure 3.1. If we zoom in this interface zone, we can notice that the soil is submitted to a radial effective stress 𝜎′ ℎ which value depends on the driving process and the subsequent mechanical loading, and a local free-field vertical effective stress 𝜎′ 𝑣 0 . By analogy, in the direct shear machine, the normal stress to the interface represents this radial effective stress. 

Testing device

Several studies in the 3SR laboratory have been carried out with the interface soil-structure shear device, at Constant Normal Stress (CNL), Constant Normal Stiffness (CNS) or Constant Volume (CV, by imposing no normal displacement through a loop control) boundary conditions [START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF]. Two different types of sand and two different roughness values for the structure plates were studied by [START_REF] Hoteit | Contribution à l'étude du comportement d'interface sable-inclusion et application au frottement apparent[END_REF]. At the same time, [START_REF] Moutraji | Etude expérimentale et numérique du cisaillement direct silt-structure application à l'amélioration du frottement latéral dans les sols fins[END_REF] designed interface direct shear tests on silt-steel and measured relative displacements and stresses in normal and tangential directions. In the present study, the lower part of the shear box contains a smooth steel plate in order to mimic the behaviour of the interface soil-pile observed in the field. The upper sample half-box, containing the soil, which can be of cylindrical of rectangular form is placed on the plate but we take care to limit the friction between the upper half-box and the steel plate. A piston screwed on the top cap applies the normal stress 𝜎 𝑛 , and a horizontal movement of the plate at constant rate induces the tangential (shear) stress 𝜏.

The direct interface shear device, shown in Figure 3.1, is composed of a motor which generates the horizontal relative displacement between the soil and the plate, causing shearing. A load cell and a LVDT allows monitoring the shear force and shear displacement along this axis. On the other hand, the normal axis allows controlling the vertical load cell through the piston. The normal displacement and load were recorded with a LVDT displacement transducer and a load cell respectively. During the tests, the normal and tangential stresses and displacements were recorded every 10 seconds. The LVDTs used for measuring the normal and tangential displacements give high precision and accuracy (0.01 mm) in the ranges of ± 2 mm and ± 6.5 mm, respectively.

As mentioned previously, the aim of these tests is to reproduce the ageing processes observed in the case of the fresh mild steel piles. In that sense, steel plates of the same nature (S235 mild steel) than piles were used.

Testing procedure

Once the empty upper half-box is installed with the top cap inserted in (configuration without sand), three measurements of height at three different places are made between the edge of the top cap and the edge of the box. The final height of sand corresponds to a differential height between the top cap and the box equal to 0. With respect to the volume of the sample box (cylindrical or square), the sand is weighted and divided into five layers. For each layer, the top cap was replaced, and the sand was compacted until reaching the desired height. After launching the software, the normal loading piston was manually docked by screwing, until the effective contact between the piston and the top cap. The desired normal stress is then applied after installation of the displacement transducers. After consolidation, the shear displacement is started. For all the tests, the shearing program was composed of a first stage of relative shear displacement between 0 and -2mm, at a displacement rate of 0.1 mm/min. Then the displacement is reversed from -2mm to 2 mm, before a last stage from 2mm to 0mm.

Constant normal load levels

Constant Normal Load tests are currently carried out to identify the failure envelope, assuming a Mohr-Coulomb perfect plastic criterion. In order to have an idea about the range of radial effective stresses in the field, we used the average of CPT tests results shown in Figure 1.11 and Equation 1.3 given by [START_REF] Jardine | ICP design methods for driven piles in sands and clays[END_REF] for open-ended piles. From the results presented in Figure 3.2 showing the estimation of the field radial effective stress, we decided to choose four levels of normal stress loads for the CNL tests: 50, 100, 200 and 300 kPa corresponding approximatively to the distance between the middle and the tip of the pile. As observed in the field, this zone of the pile undergoes the ageing effects (the crust of sand, for instance). These stress levels can also give us an idea of the possible evolution of the shear stress following the increase in the normal stress.

Constant volume conditions

Assuming that the normal displacement during pull-out tests induces very small normal strains to the shaft, the maximum Young's modulus for Dunkirk sand at the same density than in the field was experimentally determined at three stress levels (150, 300 and 500 kPa) by [START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF], as shown in Table 3.1. These values give a stiffness modulus for the soil ranging from around 170 to 330 MPa. Based on Equation 3-1, which takes into account the pile radius [START_REF] Johnston | Constant normal stiffness direct shear testing for socketed pile design in weak rock[END_REF][START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF][START_REF] Boulon | Comportement d'interface et prévision du frottement latéral le long des pieux et tirants d'ancrage[END_REF], we observe that the values of the estimated normal interface stiffness of the soil exceeds 10 000 kPa/mm. From this observation and Pra-ai's (2013) results, we can conclude that the test can be done under constant volume conditions, which is probably not the optimal condition for larger piles.

Equation 3-1

K 𝐶𝑁𝑆 = 2G/R
with R: pile radius where G is the maximum shear modulus, assuming a Poisson's ratio of 0.27. 

Sand samples

If the sand used for the tests was similar (fresh Dunkirk sand for each test in this instance), two conditions have been adopted: dry and unsaturated. The unsaturated samples had a water content of 6% as in the field and a degree of saturation of 𝑆 𝑟 = 35% (section 1.2.1).

Depending on the volume of the sample box used (circular or square), the weight of the sand to be put inside has been calculated according to the field dry unit weight (17.5 𝑘𝑁. 𝑚 -3 ). Tables 3.2 & 3.3 represent the weights of sand used. It should be noted that in the case of unsaturated sand, water was added in addition to the calculated dry weight, in order to have the same void ratio for the dry and unsaturated tests. In most of the tests, the specimens were consolidated directly on the shear machine. However, the unavailability of the machine or its schedule of use made this stage sometimes impossible. To overcome this problem, an oedometric device was used by calculating the necessary weight to be applied in order to have the required normal stress (considering the lever arm of 5), for the pre-load stage. The calculation took into account the stress, the corresponding force and the surface of the sample. Table 3.4 presents the calculations made and the masses used. Obviously, the transition from the oedometric cell and the interface shear machine induced of a short period of unloading. 

Steel plates

The plates were made of E470 mild steel, material of the same nature that the piles driven in Dunkirk. Their roughness is small (less than 3 µm) so they can be considered as smooth. Note that no plate was re-used after a test.

Water

In the case of partially saturated specimens, the sand was mixed with tap water to obtain a water content of 6%.

Direct Interface Shear Test Results

CNL test results

Dry tests

The CNL tests performed on dry Dunkirk sand specimens at all the stress levels and for all the ages showed a cohesion 𝐶′ of zero and a sand-steel interface friction angle 𝛿 = 𝐴𝑟𝑐𝑡𝑎𝑛 ( 𝜏 𝑚𝑎𝑥 𝜎 𝑛

) ranging between 19

and 26 degrees (Table 3.5, Figure 3.3a). ). Tests at 200 and 300 kPa presented a decrease of the shear stress of about 30% from 0 to 1 day, and then an increase ranging from 10 to 30% from 0 to 7 days. The friction angle observed a decrease from 0 to 1 day and then increased to a little more than the initial value after 7 days. It should be noted that the behaviour of the sand was completely contractant for the dry sand tests (Figures 3.4 to 3.6). This is imputed to the smooth nature of the steel plates, despite the high density of the samples. It should be noted that the tests carried out at 0 day were performed after two hours of pre-load in order to mimic the field conditions. The tests performed at 50 𝑘𝑃𝑎 after 2 hours of pre-load had a shear stress around 53 𝑘𝑃𝑎, which represents twice the value obtained in dry conditions. These values observed an increase of about 10 𝑘𝑃𝑎 for the shear stress (Figure 3.7(b)). For the 100 𝑘𝑃𝑎 tests, the shear stress values rvaries between 72 to 78 kPa regardless of the time intervals. At 200 and 300 𝑘𝑃𝑎, the shear stress values showed a considerable increase from 1 to 7 days of about 30%.

The friction angle observed the same trend as in the dry tests, with a great increase between the dry and unsaturated values at the same age. Note that the sand friction angle is about 35°, almost equal to the 7 days value.

Another notable difference compared to dry tests, is the sand volumetric behaviour during the shearing of unsaturated specimens. Indeed, the sand had a contractant behaviour from 0 to -0.5 𝑚𝑚, then it becomes dilatant from -0.5 to -2 𝑚𝑚. This trend had been reversed from -2 to 2 𝑚𝑚. The return to 0 was done following contractancy (Figures 3.8 to 3.10).

Conclusion:

In the unsaturated state, corrosion occurred, forming a crust of sand attached to the plate. Therefore, an apparent cohesion appeared, and after 7 days of pre-load the shear band was pushed in the sand, inducing the increase in the interface friction angle. In fact, 𝜙 𝑐𝑣 for Dunkirk sand ranges between 35° and 37° [START_REF] Kuwano | Laboratory tests on Dunkirk sand[END_REF], and the results of the shear angle reached 33° after 7 days. When a comparison according to the time of pre-load is carried out (Figure 3.14), a subtle increase of the shear stress of approximately 15% between 0 and 7 days was observed. On the other hand, the friction angle increased of about 25% over time (Table 3.7). Between 0 and 1 day, the shear stress increased for the 50 and 300 kPa and remained constant for the 100 and 200 kPa.

It was also noted that the normal stress decreased in the 0 to -1.5 𝑚𝑚 shear path, then increased from -1.5 to 2 𝑚𝑚, and finally decreased again from 2 to 0 𝑚𝑚(Figures 3.11 to 3.13).

Unsaturated tests

In the case of the unsaturated tests, the shear stress obtained depends greatly on the age and the pre-load stress applied (Table 3.8 and Figures 3.15 to 3.17). The unsaturated tests showed an increase with the pre-load stress (Figure 3.18). It had been observed that at 0 day the shear stress increased by approximately 40% between each stress level (50 to 100, 100 to 200 and 200 to 300 kPa). At 1 and 7 days, the amplitude of shear stress increased with the level of normal load, around 25% from 50 to 100 kPa, then between 10 to 60% from 100 to 200 kPa and 200 to 300 kPa.

The comparison with respect to the age shows an increase of the shear stress of approximately 30% for the tests between 0 and 7 days.

These variations in shear stress gain can be attributed in particular to the presence of water and the level of pre-load stress. If we consider the changes in the positions of the sand grains relative to each other and of As for the CNL tests, the CV tests presented in Figure 3.21, show a clear evolution of the crust thickness over time. If the thicknesses are of the same order of magnitude at 0 and 1 day (between 1 and 1,5 mm), there is however a disparity after 7 days with lower values for CV tests. The fact that the tests are carried out under constant volume makes it possible not to have large variations (as for the CNL case) after 0 days because the cohesion is supposed to remain unchanged while the normal stress varies.

In the CV tests case, the average line is following the following equation: in order to prepare 2 mol, we diluted the solution 6 times: In a 500 ml bottle we put 83 ml of HCl and we completed with pure water.

Preparing the KSCN:

The Molar Mass of KSCN is 97.18 g/mol.

To have 2 KSCN mol/l in 200 ml:

0,2 × 2 × 97,18 = 38,872𝑔
In a 200 ml bottle 38,872g of KSCN is put and completed with pure water.

Preparing the sand solution:

About 3g of sand were poured in 25 ml of HCl and agitated for 1 hour (level 3).

Preparing an H2O2 solution:

We diluted 10 ml of H2O2 in 140 ml of H2O to have a concentrated solution at 2 volumes (initial solution 30%).

C1 x V1 = C2 x V2 => 30 x 10 = 2 V => V = 150 ml

Preparing an iron solution (standard):

The iron solution was made with 4.10 -3 mol of iron with Mohr salt in a liter of H2O

Molar mass of Mohr salt = 392.14 g/mol 4.10 -3 × 392,14 = 1,568𝑔

We want to prepare 250 ml of this solution. Therefore: 1.6/4 = 0.4 g of Mohr salt to be dissolved in 250 ml of H2O.

Preparing complex solutions:

Sand

After the end of sand solution agitation phase, we filtered the solution by recovering as much of the liquid as possible, avoiding taking sand, by adding water if necessary, 2 to 3 times.

Then we added 2 ml of H2O2 and 10 ml of KSCN. And we completed with pure water up to 50 ml.

Iron

We took 5 ml of the iron solution (standard), and we diluted it 10 times by adding 2 ml H2O2, 10 ml of KSCN and we completed with pure water up to 50 ml

Calculation:

It should be noted that all the solutions were diluted again 5 times before the use of the spectrometer.

The spectrometer absorption is defined as:

𝐴𝑏𝑠 = 𝜀. 𝑙. 𝐶
With 𝜀 the molar extinction coefficient of the solution, l the optical path length, and c the solution concentration.

We firstly use a solution with a known concentration (the standard iron solution) to obtain 𝐴𝑏𝑠1 = 𝜀. 𝑙 . 𝐶

Then we have 𝑘 = 𝜀𝑙 known.

When we measure the absorption of the sand solution, we have

𝐴𝑏𝑠2 = 𝑘 . 𝐶 With 𝐶 = 𝑘/𝐴𝑏𝑠2
Now that we have the concentration of the solution, we can do the calculation of dilutions backwards to have the iron dosage in our sand.

Figure 3.22 shows the results obtained with the spectrometer method. It should be noted that we also tested an 'intact' Dunkirk sand to investigate the iron presence. We found a small concentration of iron of about 5% present naturally in Dunkirk sand

If the iron content seems to increase following the level of normal stress for the same time interval, we observe a decrease at 300 kPa after 7 days of pre-load. This observation is consistent with what we noticed in the thickness measurements. As already said in the previous paragraph, this decrease is attributed to the fact that the sand rust color remaining in the sample box is not tested (not collected). The evolution of the iron concentration seems to follow a power line if we exclude the drop in the 300 kPa tests values. The average fitting curve is drawn according to the following equation: ) 0.10 Note that the concentration is in % and the t is in log time (hours).

It should be noted that samples from CNL and CV tests were tested randomly and for some tests (especially 50 kPa tests) it was necessary to mix two samples of the same age and same pre-load stress to obtain a significant sample to test.

As mentioned in the previous section, after sand removal we observed some pitting corrosion on the surface of the plates. This observation, plus the detection of a slight percentage of 'natural' iron in the Dunkirk sand, explains the origin of corrosion and its facility of formation.

Correlation between laboratory and field tests

The purpose of this experimental work is to find a possible correlation between the field tests and the results obtained in the laboratory. The tests under constant volume, being the closest to reality, were analysed in order to find a link between the evolution of the shear stress and the evolution of the bearing capacity. To do so, the shaft capacity was calculated according to the shear stress obtained experimentally and the ICP method with the following equation: Here, 𝜎′ 𝑟𝑓 is taken equal to the mean value of the radial effective stress presented in Figure 3.23

The following tables (3.10 and 3.11) present the parameters considered in the calculations: When compared, the calculated shaft capacities and the field capacities are consistent between 0 and 2 days. It should be noted that the laboratory tests were limited to 7 days. The calculations suggest that the shaft capacity increase rapidly within the first 24 hours to then have a slower rate (Table 3.12).

Another option to find a correlation between the field findings and the laboratory results is to apply the ICP methods by changing the pile diameter (due to sand crust formation) and the friction angle. We will take a sand crust thickness of 1 mm at 0 day, 1,5mm at 1 day and 2,5 mm at 7 days (as observed in section 3.4.2.1) and friction angle of the range of 25 to 35° as observed in the CNL unsaturated tests. The results of this correlation are presented in Table 3.13. The results show a good consistence with the field capacities but are slightly higher than the first method based on the shear box tests. Contrary to the shear tests correlation method, these calculations suggest a constant and linear trend of shaft capacity increase. This increase will continue up to the age when the shear will occur in the sand mass instead of the interface and the sand crust will be completely formed. At this age the calculated capacity will reach its maximum value.

Conclusion

The aim of the CNL tests was to define the Mohr-Coulomb failure envelopes between which the CV tests should evolve. First of all, the dry CNL tests showed constant shear stress values for the 50 and 100 kPa test. While the 200 and 300 kPa tests observed a decrease of their results in shear stress from 0 to 1 day then a rebound from 1 to 7 days. Moreover, the friction angle also increased over.

On the other hand, the unsaturated CNL tests showed a slight increase in shear stress for the 50 kPa tests.

The values found for the 100 kPa remained constant for all ages. Yet, a considerable increase was shown for the 200 and 300 kPa tests between 0 and 7 days. The friction angle remained constant between 0 and 1 days (around 25°) and increased greatly after 7 days to reach approximately the sand friction angle (33° tests interface friction angle; 35° sand friction angle).

These results indicates that the highest the pre-load is the higher the increase in the shear stress can be expected. It also shows that the increase in the shear stress is more significant after minimum 1 to 7 days of ageing.

During the CV tests, the normal stress decreased considerably until reaching the failure line defined by the CNL tests. All the tests showed an increase in the shear stress and the interface friction with the pre-load stress and with time. In fact, in the dry conditions, an increase of about 15% was observed from 0 to 7 days in the shear stress and of about 25% in the interface friction angle. In the unsaturated conditions, the shear stress increased of about 40% with respect to the pre-load level. While it increased from 10 to 60% with respect to the pre-load time. As for the CNL conditions tests, the higher the pre-load level is the higher the increase in the shear stress is observed.

In both cases, dry and unsaturated CNL tests, the grains of sand are expected to reorganize over time under a given pre-load stress leading to an increase in shear stress with time and with the increase in normal stress. This increase is greater in the unsaturated case since the presence of water leads to greater apparent cohesion and a greater interface friction angle.

We also observed a sand crust formation on the unsaturated interface shear tests mild steel plates. It seems that the evolution of the sand crust thickness follows an exponential trend line while its concentration in iron obeys to a power equation. In the case of the CNL tests, the normal load is constant over the test leading to cementation that is broken when the sample box is removed from the plate. This does not occur during the CV tests, because indeed, the normal stress varies in order to ensure the constant volume condition, which generates smaller interparticle forces than in the case of CNL tests.

This sand crust demonstrates an obvious change in the nature of shearing. In fact, the shearing does not occur no more in the smooth plate-sand interface, but in the sand-sand mass. We also noted that the friction angle obtained for the shear tests performed after 7 days is equal to the sand's friction angle.

Despite the limited test time interval, we tried to find a correlation between the field and laboratory results. Two methods based on the ICP method were employed: (i) the shear stress obtained from CV unsaturated tests results, and (ii) sand crust evolution and friction angle changes. It can be said that in the case of mild steel piles and within a limit of 7 days, the experimental results coupled with the ICP method gives results consistent with the bearing capacity values obtained in the field.

Conclusions and perspectives

The objective of this study was to investigate the potential mechanisms that underpin the ageing process that leads to evolving axial capacity of (driven) displacement piles in sand. For this purpose, in-situ and laboratory investigations were carried out. A literature review of the test campaigns carried out in Dunkirk and of previous studies related to the ageing of sand / pile set-up was summarised. In addition to geotechnical tests, also chemical tests were carried out in order to identify processes unknown in our field. This work has made it possible to highlight several conclusions, which are summarized below:

• The pile diameter has an influence on the magnitude of ageing.

• The installation method, the pile type and magnitude of disturbance have also an influence on ageing. Ageing is observed for jacked and driven piles (displacement), but no instances for bored piles (replacement) were reported.

• For steel piles, the material of the pile is important in determining whether an increase in capacity can be anticipated. In fact, the absence of set-up for the stainless-steel or galvanised piles is related to the absence of any corrosion effect. There was no independent ageing mechanism developed such as gain in shear stiffness, dilation, grain interlocking or radial stress redistribution.

• The corrosion process includes internal processes such as pile surface roughness, bonding, a higher effective diameter increasing the interface shear angles and the increase in radial stress due to the increase in effective diameter.

• The sand ageing show positive effects on shear modulus, shear strength, penetration and liquefaction resistance and pile set-up.

• In both cases, dry and unsaturated interface shear tests, the sand grains reorganise over time under a given pre-loading stress leading to an increase in shear stress over time and with the increase in normal stress.

• This increase is greater in the unsaturated case since the presence of water leads to larger apparent cohesion from suction and a greater friction angle. This increase in friction angle is attributed to the corrosion process that made the shear interface rougher. The founded cohesion added to the increase of friction angle led us to investigate the sand crust formed on the plates in the case of unsaturated tests.

• A sand crust tends to form on the plates in the unsaturated shear tests. This sand crust demonstrates a substantial change in the nature of shearing. In fact, the shearing does not occur no more in the smooth plate-sand interface, but in the sand-sand mass.

• The concentration in iron of the sand crust was investigated and it appears that obeys to a power equation.

• A correlation between the field and experimental laboratory results was found by two different methods based on the ICP method: (i) according to the shear stress obtained with the CV unsaturated tests, and (ii) according to the sand crust and friction angle evolution.

The mechanism on which the laboratory and field tests has been concentrated is that of the physio-chemical process and more precisely that of corrosion. In fact, it had been shown that greater increase in shear stress can be expected with steel small driven piles in unsaturated conditions. In conclusion, in the case of Dunkirk steel small-piles, the predominant mechanism behind ageing is corrosion. This conclusion is based on the absence of ageing in the case of stainless-steel piles. Indeed, there was no independent ageing mechanism, such as gain in shear stiffness, dilation due to creep, increased grain interlocking or radial stress redistribution.

On the other hand, it was proved that the pile roughness and constrained dilation influence the small piles gain of capacity. This finding was already highlighted in the ICP-05 method using the interface shear tests and relating the interface dilation to sand stiffness and pile diameter (Equation 1.2).

For large scale piles the increase in capacity is related to bonding and increased roughness as well as a recovery of interface strength. In fact, the stress relaxation leads to a mobilisation of the horizontal stress on the pile interface (friction fatigue phenomenon). Moreover, for small piles, the interface shear band is more significant than for larger piles. This interface shear band is related to particle-to-pile ratio scale effect (the thickness of which is defined by grain size), that develops around the shaft.

As perspectives, it would be interesting to be able to create a numerical model for steel piles of different scales. The idea would be to integrate the effect of the size of the pile, the characteristics of the material of the pile, the characteristics of the soil, and the possible changes that the pile will undergo during its ageing. This numerical model could be based on the ICP-05 method and the different investigation campaigns conducted in different types of sand.

On the other hand, the ICP-05 method should be reviewed for small piles and for loose sands. However, if complementary laboratory tests are performed, The ICP-05 method will be able to better predict the capacities of the piles.

Re sume

Il a été observé que le vieillissement des sables pouvait entraîner des modifications positives de leurs propriétés mécaniques, en particulier celles des sables autour d'une fondation profonde. Ce qui pourrait permettre de prévoir et donc de bénéficier de l'amélioration de la résistance développée par la fondation au contact du sol. L'origine de ce vieillissement restant une question ouverte en géotechnique, l'objectif de cette thèse était de comprendre au mieux les mécanismes pouvant être à l'origine de ce phénomène.

Dans cette thèse, nous avons étudié le cas de pieux de petit diamètre en contact avec du sable en conditions non saturées. Une attention particulière a été portée à la question de corrosion afin de mieux comprendre ce que ce processus pourrait induire à l'interface de cisaillement (changement de rugosité, angle de frottement, etc.).
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 2 Figure 2.65 . Explanation of IDS test (after Schmertmann, 1991). (a) Selection of two points on rebound curve with nearly identical structure, but different effective stresses. (b) IDS tests run on the two samples with similar structures at different effective stresses. (c) Construction of Mohr's circles based on data from step (b). (d) Plotting the results of step (c), allowing for comparison with age of samples.

Figure 2 .

 2 Figure 2.66 Changes in force networks with time, an explanation of mechanical aging (after Bowman, 2002).

Figure 2 .

 2 Figure 2.67 Volumetric strain versus the logarithm of time in creep tests on crushed coral sand (Lade et al., 2009).

  𝐶 𝑎 : secondary compression index.𝐶 𝐷 : parameter in the range of about 3 to 20 depending on densification in excess of compression under static loading.Schmertmann (1991) CPT tests following deep dynamic compaction[START_REF] Charlie | Time-Dependent cone penetration resistance due to blasting[END_REF] Filed data from several sources (𝑞 𝑐 ) 𝑁 (𝑞 𝑐 ) 1 = 1 + 𝐾 log(𝑁) ⁄ 𝑁: in weeks, 𝐾: in the range of 0 to 1 and depending on soil type,

Figure 2 .

 2 Figure 2.73 Effect of temperature on the aging rate constant in equation (4) (modified from[START_REF] Jefferies | Discussion of 'Time-Dependent Cone Penetration Resistance Due to Blasting[END_REF] 

  Crushed sand had been bonded to the pile shafts by corrosive action. The corrosion was accelerated by the cyclic exposure to oxygen Great set-up results caused by corrosion and enhanced by the small diameter of model-

  in shaft capacity over time Time effects in the bearing capacity have been observed Jacked group pilesThe installation of one pile conducted to a regain of capacity of another pile of the than ±1% in the stress measured by the pressure sensors. The shear wave velocity 𝑉 𝑠 tends to increase in all the measurements

Figure 3 .

 3 Figure 3.1 a) Analogy between the localized shear along pile and a direct shear test, after Boulon & Foray [1986], b) picture of the direct shear device and c) principle of the monitoring (after Pra-ai, 2013)

Figure 3 . 2

 32 Figure 3.2 Radial effective stresses from CPT tests.

Figure 3 . 3

 33 Figure 3.3 CNL dry tests results: Mohr-Coulomb envelope

Figure 3 .Figure 3

 33 Figure 3.4 CNL dry tests results at 0 day: (a) shear vs displacement graph; (b) volumetric deformation graph

Figure 3 .

 3 7(a) shows a picture of one of the mild steel plates after removing the shear device: a millimeter layer of sand is glued to the steel plate, with a brown colour similar to rust. When removing this mixture of sand and rust, the surface of the stell plate is marked by small imprints of corrosion. Unlike the dry tests, the unsaturated tests show a positive adhesion 𝑐′ (25 to 35 kPa) and a greater interface friction angle (23 to 33 degrees) (Table3.6; Figure3.7b).

Figure 3 Figure 3 .

 33 Figure 3.7 CNL unsaturated tests results

Figure 3 .Figure 3 .Figure 3 .

 333 Figure 3.11 CV dry tests results at 0 day: (a) shear vs normal stress graph; (b) shear stress vs shear displacement graph

Figure 3 .

 3 Figure 3.14 CV dry tests results

Figure 3 .Figure 3 .

 33 Figure 3.15 CV unsaturated tests results at 0 day: (a) shear vs normal stress graph; (b) shear stress vs shear displacement graph

  a function of the pre-load stress and the time elapsed, we can imagine different states of the matrix making up the sample at each stage of the tests.

Figure 3 .Figure 3 .

 33 Figure 3.18 CV unsaturated tests results

  the surface of the mild steel plates was also observed after sand removal. Slight pitting corrosion traces were observed.The sand crust thicknesses observed on the interface shear plates (2.5 mm) are almost identical to the field pile sand crust (2 mm). Since we do not have an idea about the thickness of sand crust of at the pile interface in the field tests as function of age, a correlation or comparison cannot be made.

Figure 3 .

 3 Figure 3.21 Evolution of the thickness of the sand crust over time, CV tests

Figure 3 .

 3 Figure 3.22 Evolution of the concentration of iron in the sand crust over time

Equation 3- 5

 5 𝑄 𝑠 = 𝜋𝐷 ∫ 𝜏 𝑓 𝑑𝑧On the other hand, the length of the pile was divided into 3 parts according to the stress levels given by the penetrometer tests and applied to the shear tests (Figure3.23). The fourth part at 300 kPa was also considered because the piles had a length of about 2.2 m with an embedment of about 2.0 m. Moreover between 2 m and 2.2 m depth the radial effective stress is closer to 300 kPa than to 200 kPa.

Figure 3 .

 3 Figure 3.23 Distribution of the radial effective stress along the pile
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Table 1 .

 1 1 Soil parameters and ground conditions(Carroll et al. 2019) 

	Parameters	Unit	Values	
	Water table BGL	m	4-4.7	
	Description		Dense to very dense sand
	Origin		Marine hydraulic fill
	Unit weight (gbulk)	kN/m 3		
	Dry unit weight (gd)	kN/m 3	17.5 †	
	Water content	%	5-7	
	γh (at saturation)	kN/m 3	19.9	
	Dr	%	100	
	Sr	%	25-40 ‡	
	D10	mm	0.4	
	D50	mm	0.26	
	Fines < 0.063 mm	%	0	
	Peak effective 𝜙 p ′ , angle	°	35-37,	σ ′ 3 = 200 kPa *
	(triaxial)			e 0 = 0.64
				D r = 75%
	Constant volume 𝜙 cv ′ , angle	°	32,	σ ′ 3 = 200 kPa *
	(triaxial)			
	Operational interface shear	°	27.5,	σ ′ n = 200 kPa ⁋
	angle δcv			
	Over consolidation ratios (OCR)		Normally consolidated
	Average qc	MPa	30	
	Average fs	MPa	0.1-0.3	
	Small-strain stiffness, G max	MPa	50-130⁂	
	Gs		2.655	
	emin		0.506	
	emax		0.881	
	eaverage		≈ 0.506	
	K0		0.40	

⁂ Zdravkoić et al. (2020) ⁋ Triaxial and interface ring shear tests at Imperial College 2017-2018 ‡ S r varies with time and depth † Chow (1997) *Aghakouchak et al. (2015)

Table 1 .

 1 2 Chemical tests (Caroll et al. (2019))

	pH Sulfate (SO4) Carbonate (CO3) Total inorganic carbon Conductivity
	-	mg/kg TS	% TS	% TS	mS/m
	8.6 1,000	9.5	1.9	8.3

Table 1 .

 1 4 Piles installation program

	Pile	Day	of	Driving	Pile nature	Observations	Clogging
	name	installation		energy		(load increment / duration)	height (m)
		+ number of				
		days before				
		testing					
	S1	D+0		SPT	Fresh mild steel	3 kN / 15'	0.88
	S2	D+2		SPT	Fresh mild steel	3 kN / 15'	1.02
	S3	D+16		SPT	Fresh mild steel	7 kN / 15'	0.84
	S4	D+16		SPT	Fresh mild steel	7 kN / 15'	0.76
	S5	D+30		SPT	Fresh mild steel	7 kN / 15'	0.74
	S6	D+92		SPT	Fresh mild steel	8 kN / 15'. Power failure at 56kN	0.81
	S7	D+93		SPT	Fresh mild steel	Prior small blows (Energy level 1 -	0.81
						penetration of 0.5mm) before pull-out. 8kN /	
						15'	
		D+175					
						Re-tested with monotonic loading	
	S8	D+175		SPT	Fresh mild steel	8 kN / 15'	0.79
	S9	D+274		SPT	Fresh mild steel	8 kN / 15'	0.78
	S10B	D+315		Variable	Fresh mild steel	8 kN / 15'	0.90
	S11	D+315		Variable	Fresh mild steel	8 kN / 15'	0.97
	S12	D+273		Variable	Fresh mild steel	8 kN / 15'	0.96
	S13	D+273		Variable	Fresh mild steel	2 prior blows (Energy-level 2 on 20/07/2016	0.79
						)/ 10 kN / 15' up to 50 kN, then 8 kN / 15'	
	S14	D+176		Variable	Fresh mild steel	Prior blows (Energy-level 3)/ 8 kN / 15'	0.94
	S15	D+174		Variable	Fresh mild steel	8 kN / 15'	0.97
	S16	D+90		Variable	Fresh mild steel	8 kN / 15'. Power failure at 24 kN.	0.79
	S17	D+28		Variable	Fresh mild steel	8 kN / 15'	0.82
	S18	D+14		Variable	Fresh mild steel	3 kN / 15' up to 42 kN, then continuous pull-	0.85
						out	

Table 1 .

 1 5 Piles pull-out capacity and Plug Length Ratio (PLR)

	Pile ID	Time	Measured	Pile	Driving energy	Plug length
		(days	capacity				ratio (PLR)
		)	(kN)			
	S1	0.1	28.8		MS 1	SPT	0.43
	S2	2	29.9		MS 1	SPT	0.52
	S3	16	62.8		MS 1	SPT	0.43
	S4	16	59.5		MS 1	SPT	0.36
	S5	30	56.9		MS 1	SPT	0.38
	S6	92	67.6		MS 1	SPT	0.41
	S7+	93	64.4		MS 1	SPT	0.41
		175	50.5	to		
			57.8			
	S8	175	70.8		MS 1	SPT	0.43
	S9	274	71.3		MS 1	SPT	0.38
	S10B	315	71.9		MS 1	Variable	0.46
	S11	315	67.8		MS 1	Variable	0.50
	S12	273	79.8		MS 1	Variable	0.49
	S13+	273	76.9		MS 1	Variable	0.40
	S14+	176	74.1		MS 1	Variable	0.48
	S15	174	78.4		MS 1	Variable	0.49
	S16	90	71.8		MS 1	Variable	0.40
	S17	28	66.7		MS 1	Variable	0.42
	S18	14	68.0		MS 1	Variable	0.43
	S19	1	33.0		MS 1	Variable	0.38
	S20	0.1	31.4		MS 1	Variable	0.36
	R1	1	50.4		MS 2*	Variable	0.22
	R2	85	89.2		MS 2*	Variable	0.21
	R3	183	66.5		MS 2*	Variable	0.24
	R4	223	76.5		MS 2*	Variable	0.23
	S21-Inox 0.1	26.0		SS	Variable	0.38
	S23-Inox 14	24.8		SS	Variable	0.44
	S29-Inox 91	27.2		SS	Variable	0.44
	RI5	1	32.5		SS 3*	Variable	0.38
	RI6	99	25.8		SS 3*	Variable	0.38
	1 fresh,					

  2 

Table 1 .

 1 6 Piles properties

	Properties

Table 1 .

 1 8 presents in a summary of the results obtained at the end of the campaign.

Corroded pile before use Fresh MS extracted pile Oxidised sand taken from face of a MS pile after extraction Figure 1.23 MS piles before and after extraction

Table 1 .

 1 7 Piles capacities

	Pile name	Date of installation	PLR (%)	Date of loading	Load increment (kN) + observations	Pile tensile capacity (kN)
	S1	26/01/2016	45	26/01/2016	D+0	3 kN	28.8
	S2	26/01/2016	52	28/01/2016	D+2	3 kN	29.9
	S3	26/01/2016	43	11/02/2016	D+16	7 kN	62.8
	S4	26/01/2016	39	11/02/2016	D+16	7 kN	59.5
	S5	26/01/2016	38	25/02/2016	D+30	7 kN	56.9
	S6	26/01/2016	42	27/04/2016	D+92	8 kN	67.6
				28/04/2016	D+93	Prior small blows (Energy: 76 J)	64.4
	S7	26/01/2016	41			before pull-out. 8kN	
				19/07/2016	D+175	Re-tested with monotonic loading	50.5 to 57.8
	S8	26/01/2016	40	19/07/2016	D+175	8 kN	70.8
	S9	26/01/2016	40	26/10/2016	D+274	8 kN	71.3
	S10B	27/01/2016	45	07/12/2016	D+315	8 kN	71.9
	S11	26/01/2016	50	06/12/2016	D+315	8 kN	67.8
	S12	26/01/2016	48	25/10/2016	D+273	8 kN	79.8
	S13	26/01/2016	40	25/10/2016	D+273	2 prior blows (Energy: 152 J). 10 kN up to 50 kN, then 8 kN	76.9
	S14	26/01/2016	48	20/07/2016	D+176	Prior blows (Energy: 257 J). 8 kN	74.1
	S15	27/01/2016	48	19/07/2016	D+174	8 kN	78.4
	S16	27/01/2016	40	26/04/2016	D+90	8 kN	71.8
	S17	27/01/2016	40	24/02/2016	D+28	8 kN	66.7
	S18	27/01/2016	42	10/02/2016	D+14	3 kN up to 42 kN, then monotonic pull-out	68.0
	S19	27/01/2016	38	28/01/2016	D+1	3 kN	33.0
	S20	27/01/2016	35	27/01/2016	D+0	3 kN	31.4
				25/02/2016	D+28	Prior large blows (SPT energy: 475	37.1
	S25	28/01/2016	47			J) before pull-out. 7kN.	
				26/04/2016	D+89	Re-tested 2 months after.	33.8
	R1	27/04/2016	22	28/04/2016	D+1	4 kN	50.4
	R2	27/04/2016	21	21/07/2016	D+85	7 kN	89.2
	R3	27/04/2016	24	27/10/2016 06/12/2016	D + 183 D+223	11 kN Re-tested with monotonic loading	66.5 45.0
	R4	27/04/2016	23	06/12/2016	D+223	8 kN	76.5
	S21-INOX	27/01/2016	38	27/01/2016	D+0	3 kN	26.1
	S23-INOX	27/01/2016	43	10/02/2016	D+14	3 kN	26.0
	S27-INOX	27/01/2016	42	24/02/2016	D+28	3 kN	24.8
	S29-INOX	27/01/2016	43	27/04/2016 06/12/2016	D+91 D+314	3 kN Re-tested with monotonic loading	27.8 25.4
	S26	27/01/2016	41	07/12/2016	D+315	Sol-Solution pile. Final tensile monotonic loading	27.2
	S28	27/01/2016	44	07/12/2016	D+315	Sol-Solution pile. Final tensile monotonic loading	26.3
	RI5	19/07/2016	38	20/07/2016	D+1	6 kN	32.5
	RI6	19/07/2016	38	26/10/2016	D+99	4 kN up to 24 kN then 3 kN	25.8

Table 1 .

 1 9 Soil parameters and ground conditions for Blessington and Larvik (afterCarroll et al. 2019) 

	Site	Larvik	Blessington
	Water table BGL (m)	2.2	13
		Loose to medium dense silty	
	Soil	fine to medium sand with	Dense, medium to fine sand
		some silt layers	
	Origin	Fluvial	Glacial
	Unit weight (ϒbulk) (kN/m 3 )	18.9 -19.6	20.0
	Water content (%)	26.5	10
	Relative density (Dr) (%)	≈ 20	100
	Saturation (Sr) (%)	100	60
	D90 (mm)	0.37 -0.8	0.6
	D50 (mm)	0.16 -0.38	0.1 -0.15
	Fines < 0.063 mm (%)	6 -20	5 -10
	Effective peak, ф'p (triaxial) and test condition (°)	36, σ'3 = 200 kPa e0 = 0.80 Dr = 45% (estimated)	42, σ'3 = 200 kPa e0 = 0.59 Dr = 100% (estimated)
	Constant volume, ф'cv (triaxial) and test conditions (°)	35, σ'3 = 200 kPa	35, σ'3 = 200 kPa
	Constant volume interface shear δcv and test conditions	27.8, σ'n = 200 kPa	29.4, σ'n = 200 kPa
	Overconsolidation ratio (OCR)	1	15 at 1 m and 5 at 5 m
	Average qc (MPa)	2	15
	Average fs (MPa)	0.02	0.16
	Small strain stiffness value, Gmax		50 -150

*TS: Total Solid

Table 1 .

 1 11 Piles properties (afterCarroll et al. 2019) 

	Site	Larvik	Blessington
	Rcla fresh MS (µm)		
	Rcla pre-corroded MS (µm) Not Available	≈ 10
		9.2	
		8.5	
	Rcla SS and GS (µm)		≈ 10
	Rcla air-abraded SS (µm)	Not Available	-
		10.3	
		9.8	
	Grade MS	EN 10305-3, E220 + CR2 -S2 Not Available
	Grade SS/GS	AISI 304	Not Available
	Outer Diameter (mm)	50-MS	60
		48.2-SS	
	Wall thickness (mm)	2	4
	D/t ratio	24 -25	15
	Contact length average (m) 2.4	1.75

Table 1 .

 1 12 Piles capacities for Blessington and Larvik (afterCarroll et al. 2019) 

	Site	Pile	Time (days)	Capacity	Pile type	Driving	Plug length
				(kN)		energy	ratio (PLR)
	Larvik	P05	1	2.60	MS	Variable	0.29
		P04	14	3.71	MS	Variable	0.52
		P12	14	4.26	MS	Variable	0.32
		P02	78	3.94	MS	Variable	0.42
		P07	189	4.74	MS	Variable	0.43
		P03	313	5.45	MS	Variable	0.40
		P06	315	5.96	MS	Variable	0.42
		P08	696	5.45	MS	Variable	0.54
		P09	21	2.66	SS	Variable	0.60
		P10	314	2.43	SS	Variable	0.54
	Blessington	MS4	2	54.3	MS	Variable	0.35
		MS3	21	55.8	MS	Variable	0.39
		MS2	78	50.3	MS	Variable	0.34
		MS1	121	-	MS	Variable	0.45
		GS4	2	52.8	GS	Variable	0.21
		GS3	21	50.3	GS	Variable	0.22
		GS2	78	56.8	GS	Variable	0.23
		GS1B	121	-	GS	Variable	0.19

  1.13. A comparison of the corresponding average measured capacities (𝑄 𝑠𝑚 ) after 1, 85-100 and 175-315 days, and 𝑄 𝑠𝑚 /𝑄 𝑠𝑐 ratios for these various cases are presented in Table1.14. Also, the 𝑄 𝑠𝑚 /𝑄 𝑠𝑐 ratios are plotted, in Figure1.37, for each pile at the three sites with the IAC (Intact Ageing Characteristics) curve from Figure1.1.

	Table 1.13 Sand and piles parameters, and pile tension capacity predictions (Qsc) based on average of all
						CPTs (Carroll et al. 2019)					
		Site		𝛅 𝐜𝐯 (°) 𝛃 (API) 𝐃 𝟓𝟎	𝐑 𝐜𝐥𝐚		ICP ‡	API	NGI		
							(mm)	(µm)		(kN)	(kN)	(kN)		
		Larvik	28.8	0.21	0.25	8.5		11.6	4.4 §	2.2		
										(85%)				
		Dunkirk*	28.0	0.56	0.26	10.0		30.8	5.1	27.9		
										(47%)				
		Dunkirk †	28.0	0.56	0.26	2.0		19.3	5.1	27.9		
										(15%)				
		Blessington 28.6	0.46	0.15	10.0		26.2	7.2	27.5		
										(52%)				
	*Pre-corroded MS piles and fresh MS > 10 days.									
	†Fresh MS < 10 days, air-abraded SS and SS.									
	‡values in parentheses correspond to ratio of the capacity component term ∆𝜎′ 𝑟𝑑 × 𝑡𝑎𝑛(𝛿 𝑐𝑣) to the total calculated capacity.			
	§ API (1993) calculation.												
	Table 1.14 Tension capacity analysis for MS piles: measured to calculated ratios of three methods (Carroll
							et al. 2019)						
	Pile	Days	Measured capacity* (kN)		ICP 𝐐 𝐬𝐦 𝐐 𝐬𝐜 ⁄			API 𝐐 𝐬𝐦 𝐐 𝐬𝐜 ⁄		NGI 𝐐 𝐬𝐦 𝐐 𝐬𝐜 ⁄	
		Dunkirk	Larvik	Blessington	Dunkirk	Larvik	Blessington	Dunkirk	Larvik	Blessington	Dunkirk	Larvik	Blessington
	Pre-	1-2	50	2.6	55	1.64	0.22	2.08	9.88	0.59	7.64	1.81	1.18	1.98
	corroded													
	Fresh		33			1.71			6.47			1.18		
	Pre-	85-100	89	4.2	56	2.90	0.36	2.14	17.5	0.95	7.78	3.20	1.91	2.04
	corroded													
	Fresh		68			2.21			13.3			2.44		
	Pre-	175-	71	5.4		2.31	0.50		13.9	1.23		2.54	2.45	
	corroded	315												
	Fresh		74			2.40			14.5			2.65		

Table 2 .

 2 1 Initial void ratios and radial strains accumulated in K0 consolidation stages of static tests at OCR=1[START_REF] Aghakouchak | Advanced laboratory studies to explore the axial cyclic behaviour of driven piles[END_REF] 

	Shear	Sample	p' (kPa)	q (kPa)	e0	Final εr (%)
	Direction					
	+∆𝜎′ 𝑣	DK150C	150	138	0.639	0.018
		DK300C	300	276	0.637	0.035
		DK500C	500	460	0.637	0.045
	-∆𝜎′ 𝑣	DK150E	150	138	0.642	0.029
		DK300E	300	276	0.640	0.020
		DK500E	500	460	0.643	-

Table 2 .

 2 2 Resistance of sand (N) at 1.5 mm probe penetration(Joshi et al. 2015) 

	Probe	1 day	7 days	4 weeks	3 months 6 months 1 year	1.5 year	2 years
	River sand in dry state							
	1	246	263	267	282	314	348	-	-
	2	-	247	267	277	314	306	-	327
	3	-	-	279	293	335	347	-	-
	4	-	-		299	336	316	338	336
	River sand submerged in distilled water					
	1	185	237	259	286	323	358	-	268
	2	-	195	234	250	291	328	-	-
	3	-	-	208	260	308	355	392	428
	4	-	-	-	204	300	310	337	348
	River sand submerged in sea water						
	1	221	272	307	345	394	378	-	-
	2	-	220	262	314	388	438	-	424
	3	-	-	244	308	376	416	460	-
	4	-	-	-	229	349	368	389	416
	Beaufort Sea sand submerged in distilled water					
	1	196	222	231	251	196	260	272	328
	2	-	338	352	394	358	398	446	517
	3	-	-	266	330	274	345	398	435
	4	-	-	-	289	311	399	440	509
	Beaufort Sea sand submerged in sea water					
	1	105	114	135	-	142	182	192	-
	2	-	132	140	-	148	169	190	213
	3	-	-	136	-	167	195	204	224
	4	-	-	-	-	152	174	180	203

Table 2 .

 2 

	Number of days after deposition	10-20	20-40	40-50	60	100-140
	SPT-N (blows)	2.1	2.2	3.1	3.3	4.4

3 Blow count in fill material placed at a hydroelectric plant along the Volga River

[START_REF] Denisov | Studies of Changes of Strength and Compressibility of Hydraulically Filled Sands in Time[END_REF] 

Table 2 .

 2 4 summary of field data (after[START_REF] Skempton | [END_REF] 

	Site	Type 𝐷 50	UC 𝑒 𝑚𝑎𝑥 𝑒 𝑚𝑖𝑛	𝐷 𝑟	𝜎 ′	𝑣 (𝑘𝑃𝑎 100 ⁄	)	𝑁 60	𝐶 𝑁
			(mm)							
	Ogishima Island	Fill	0.3	4	1.08	0.57 0.54 0.75		9	1.14
								1.00		10	1.00
								1.75		13.5	0.73
	Kawagishi-cho	Fill	0.35	2.4 1.08	0.63 0.51 0.7			9.5	1.22
								1.0			11.5	1.00
								1.4			14	0.82
	Niigata station	NC	0.29	1.8	1.21	0.76	0.85	1.08		42	0.96
	Niigata, south bank		0.28	2.4	1.10	0.65	0.67	0.45		18	1.39
	Niigata, south bank		0.29	1.5	1.08	0.64	0.82	0.50		27	1.34
	Niigata road site		0.30	1.7	1.16	0.64	0.46	1.04		12	0.98
	Niigata, road site	NC	0.45	1.8	1.03	0.56	0.49	1.47		20	0.85
	Niigata, river site		0.46	2.0	1.02	0.57	0.43	0.69		11.5	1.12
	Niigata, river site	NC	0.63	2.8 0.99	0.51 0.36 0.86		10	1.05*
	Sizewell	OC	0.2	2.0 0.94	0.50 0.50 0.60		17	1.29
								1.00		22	1.0
								1.50		28	0.78

With: NC, normally consolidated; OC, overconsolidated (naturally by the weight of an ice sheet of the Anglian glaciation, more than 250000 years ago); UC, uniformity coefficient; 𝑁 60 , corrected blow count, 60% of the free-fall energy of the standard hammer weight and drop. 𝜎 ′ 𝑣 (𝑘𝑃𝑎/100), effective overburden pressure. 𝐶 𝑁 = 2 (1 + 𝜎 ′ 𝑣 ) ⁄ , function of the effective overburden pressure at the depth where the penetration test was conducted. (*) assuming 𝐶 𝑁 = 3 (2 + 𝜎 ′ 𝑣 ) ⁄ for dense coarse sands.

Table 2

 2 

		Age (years)	(𝑵 𝟏 ) 𝟔𝟎 /𝑫 𝒓 ²
	Laboratory tests	10 -2	35
	Recent fills	10	40
	Natural deposits	10²	55

.5 Effect of ageing with (𝑁 1 ) 60 = (𝑎 + 𝑏)𝐷 𝑟 ² ( after

[START_REF] Skempton | [END_REF] 

Table 2 .

 2 6 Limit time 𝑇 1 (days) for different soil types[START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF] 

	Type of soil	𝑇 1 (days)
	Sand	2 -3	
	Slightly clayey sand	6 -10
	Clayey sand	20 -25
	Clayey sandy silt	30 -35
	Clay	50 -60
	Radugin (1969) also proposed the following equation to calculate the maximum capacity of pile in
	compression 𝑁 𝑚𝑎𝑥 after 𝑇 1 :		
	Equation 2-4		
		𝑁 𝑚𝑎𝑥 = 𝑁 0 +	𝑁 𝑡 -𝑁 0 𝐹	,
	and,		
	Equation 2-5		

Table 2 .

 2 7 Values of the F coefficient[START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF] 

	𝑡	𝐹	𝑡	𝐹	𝑡	𝐹
	𝑇 1		𝑇 1		𝑇 1	
	0.05	0.100	0.40	0.683	0.75	0.940
	0.10	0.197	0.45	0.730	0.80	0.954
	0.15	0.290	0.50	0.790	0.85	0.960
	0.20	0.383	0.55	0.830	0.90	0.976
	0.25	0.465	0.60	0.866	0.95	0.980
	0.30	0.546	0.65	0.890	1.00	0.988
	0.35	0.585	0.70	0.920		

Table 2 .

 2 8 Degree of pile capacity increase[START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF] 

	Type of soil	States of consistency	𝑁 𝑢
	Slightly clayey sand	Hard	0.5
		Firm	1.2
		Liquid	2.5
	Clayey sand and Clayey sandy silt Hard	0.8
		Stiff	1.5
		Soft	2.8
		Liquid	4.0

Table 2 .

 2 9 Properties of sand from the three investigated sand sites(Lim & Lehane, 

	2014)								
	Site Mineralogy Degree of	Mean	Coef.	Of	Maximum	Minimum	Dry unit	Constant
			saturation	grain	uniformity	void ratio	void ratio	weight	volume
				size						friction
										angle
			Sr (%)	D50	Cu		emax	emin	𝛾 𝑑 (kN/m 3 ) 𝜙′ 𝑐𝑠 (°)
				(mm)					
	SP	Siliceous	10-14	0.42	2.5		0.79	0.44	15.9	32
	LP	Calcareous 5-8	0.25	2.0		1.21	0.90	12.9	39
	ESP Siliceous	100	0.49	1.9		0.73	0.47	15.9	31

  The SST was fixed at about

	Cell Depth (m)
	C1	18.2
	C2	15.8
	C3	13.2
	C4 C5	10.1
	C6	7.3

Table 2 .

 2 10 Pile characteristics[START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF] 

	Type of pile	Open-ended Closed-ended
	Outer diameter, mm	90	170	90
	Inner diameter, mm	80	150	80
	Wall thickness t, mm 5	10	5
	Length, m	5	5	5

Table 2 .

 2 11 Geotechnical parameters of soil[START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF] Zadroga studied the time dependent development of capacities by using dynamic measurements with a FDPS-2 equipment, TNOWAVE analysis, and by performing static compression loading tests at different time intervals. Moreover, other calculations were carried out based on[START_REF] Radugin | Increase of Bearing capacity of short piles with time[END_REF] (Equations 2.4 & 2.5) andSkov & Denver (1988) (equation 2.6). The results are presented in Table2.12.

	Geotechnical parameter	Value
	Angle of internal friction 𝜙, (°)	36.6
	Cohesion c, (kPa)	0.0
	Unit weight 𝛾, (kN/m 3 )	18.3
	Natural water content 𝑤 𝑛 , (%)	9.5 -15.7
	Optimum water content 𝑤 𝑜𝑝𝑡 , (%) 8.3

Table 2 .

 2 12 Time dependence of total bearing capacity of piles. Comparison of model tests and calculation results[START_REF] Zadroga | Bearing capacity of shallow foundations on noncohesive soils[END_REF] 

	Type of	Diameter, m	Time intervals,	Ultimate bearing capacity, kN	
	pile		days	FDPS-	Skov	&	Denver	Static	Radugin equation
				2	equation (1988)		tests	(1969)
	Open-	0.09	0	76				
	ended		12	89	97			
			7		88			50
			12					60	65
		0.17	0	118				
			11	203	150			
			8					210
			11					260	286
	Closed-	0.09	0	77				
	ended		12	97	100			
			5		87			50
			12					70	76

Table 2 .

 2 13 Index properties of Fontainebleau NE34 and Nemours GA39 sands (after[START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] 

	Sand	Grain	SiO2: % Gs	D10: mm D50: mm D60: mm Cu	emax emin
	NE34 Sub-angular, sub-rounded 99.70	2.65 0.150	0.210	0.230	1.53 0.90 0.51
	GA39		98.60		0.100	0.127	0.132	1.32 1.01 0.56

Table 2 .

 2 14 Summary of model piles testing program and specific testing objectives[START_REF] Rimoy | Field and model investigations into the influence of age on axial capacity of displacement piles in silica sands[END_REF] 

	Test	Duration (days)	Instrumentation; instruments	Chamber	Installation	Testing objectives
	CPT01 0 CPT02 0	One level; 12 sensors -		10 unloading mm 10 mm strokes; full unloading strokes; partial	Stress conditions around piles in pressurised medium dense NE34 sand with BC3 boundary conditions
	CPT09 3.4	-		750 mm and 340 mm strokes; no unloading	Installation jacking effects; NE34 sand with BC5 conditions
	CPT10 19.5 CPT11 3.0	--		20 mm strokes; full unloading 10 mm strokes; full unloading	Installation jacking at 10 mm/s instead of 2 mm/s; NE34 sand, BC5 conditions
	MiP01 1.0	-		20 mm strokes; full unloading	𝐷/𝑑 50 and 𝐷 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 /𝐷 scale effects. 12mm diameter pile in NE34 with BC3 conditions
	ICP01 1.0	Three levels; 36 sensors	10 mm strokes; full unloading	
	ICP02 20.0	Two levels; 40 sensors	5 mm strokes; full unloading	Stress conditions around piles in pressurised medium dense NE34 sand with BC3
	ICP03 31.0	Three levels; 36 sensors	20 mm strokes; full unloading	boundary conditions
	ICP04 15.1	Three levels; 39 sensors	20 mm strokes; full unloading	
	ICP06 4.0	One level; 11 sensors		-	NE34 sand, nearly saturated with water and BC3 conditions
	ICP07 4.0	Three levels; 35 sensors	-	'Field-simulating' BC5 conditions and NE34. Environmental stress cycles imposed at vertical and radial boundaries
	ICP08 1.0	Three levels; 33 sensors	-	Effects of test procedure with NE34 and BC5 conditions. Eliminating final slow jack stroke
	ICP10 5.0	-		-	Grain size effects with GA39 sand at ID 43% with BC5 conditions
	ICP11 19/0	-		10 mm strokes; full unloading	Displacement-controlled cycling (±0•25 mm) between each installation stroke. NE34 sand, with BC5 conditions
	DI	0.0	-		22 mm strokes; full unloading	Driving 36mm diameter closed-ended pile in NE34 with BC5 conditions
	DII	12.0	One level; 21 sensors		11 mm strokes; full unloading	Driving 36mm diameter closed-ended pile in NE34 with BC1 conditions
	DIII	3.0	-		11 mm strokes; full unloading	Driving 36mm diameter closed-ended pile in NE34 with BC5 conditions
	DIV	7.0	-		12 mm strokes; full unloading	
	DV	7.0	One level; 21 sensors		9 mm strokes; full unloading	Driving 36mm diameter closed-ended pile in NE34 with BC1 conditions
	DVI	17.0	Two levels; 24 sensors	3.4 mm strokes; full unloading	Driving 36mm diameter closed-ended pile in NE34 with BC5 conditions
	DVII	4.0	One level; 15 sensors		3.7 mm strokes; full unloading	

Table 2 .

 2 15 Soil properties[START_REF] Lehane | Friction fatigue on displacement piles in sand[END_REF] 

	Property	Value
	D10 (mm)	0.100
	D50 (mm)	0.180
	emax	0.762
	emin	0.493
	Gs Specific Gravity	2.65

Table 2 .

 2 16 Dunkirk pile testing dates and peak loads (after Chow et al., 1997) Application of this load did not achieve failure 𝑄 𝑠 : The pile shaft load 𝑄 𝑏 : The maximum base capacity beneath open-ended pilesDunkirk site

	Pile		CS	CL	LS	LL
	Date	Activity	Peak loads (kN) and Pile depths		
	12/88	End of initial driving EOID	833 (𝑄 𝑠 = 233, 𝑄 𝑏 = 600)	†	2120 (𝑄 𝑠 = 1282, 𝑄 𝑏 = 840)	†
	5/89	First restrike RSTK1	1230	†	3400	†
		Depth, m	11.1	11.1	22.0	22.0
	6/89	Tension test T'89a Depth, m	-395 11.3	-458 11.3	-1730⁂	--
	6/89	Compression test C'89a	1200 (𝑄 𝑠 = 623, 𝑄 𝑏 = 577)	𝑄 𝑏 = 507) 1199 (𝑄 𝑠 = 692,		-
	8/89	Soil plug removal	-	-		-
	8/89	Second restrike RSTK2	569	†	1700	†
	9/89	Tension test T'89b Depth, m	-435 11.6	-548 11.6		--
	9/89	Compression test C'89b	1199 (𝑄 𝑠 = 535, 𝑄 𝑏 = 664)	𝑄 𝑏 = 524) 1200 (𝑄 𝑠 = 676,		-
	5/94	Tension test T'94 Depth, m	-750 11.6	--	-3200⁂ 22.1	--
	8/94	Extraction EXT	†	-810	-3100 ⁋	-3100
	† Not measured				
	⁂ Estimated				
	⁋					

Table 2 .

 2 17 . Dunkirk load test details afterChow (1997) 

	Test	Depth, m Equalisation period*	Test direction	Objectives
	DK1/L1C	7.40	13.3	Compression	Base case
	DK1/L2T	7.40	69.0	Tension	Direction of reloading Length of equalisation / set-up period
					Direction of reloading
	DK1/L3T	7.40	13.0	Tension	Length of equalisation
					/ set-up period
	DK2/L1C	5.96	15.0	Compression	Pile length and depth
	DK2/L2C	5.96	14.8	Compression	Interaction effects between piles in group
					Direction of reloading
	DK2/L3T	5.96	0.9	Tension	Length of equalisation / set-up period
					Interaction effects between piles in group
					Rate of loading
	DK2/L4C	5.96	1.4	Compression	Direction of reloading Length of equalisation / set-up period
					Interaction effects between piles in group
	DK2b/L1C 5.95	68.4	Compression	Length of equalisation / set-up period Interaction effects between piles in group
	DK3/L1T	7.40	14.7	Tension	Pile length and depth
					Rate of loading
	DK3/L2C	7.40	0.6	Compression	Direction of reloading Behaviour at large displacement
					Length of equalisation / set-up period
	DK3/L3CYC 7.54	12.7	Cyclic compression Cyclic loading
	DK3/L4C	7.54	1.7	Compression	Length of equalisation / set-up period Cyclic loading
	DK3/L5C	7.54	72.2	Compression	Direction of reloading Cyclic loading
					Rate of loading
	DK3/L6T	7.54	0.3	Tension	Direction of reloading
					Length of equalisation / set-up period

Table 2 .

 2 18 First-time tests and retests on driven pipe piles[START_REF] Jardine | Some observations of the effects of time on the capacity of piles driven in sand[END_REF] 

	Pile	OD	and	First test type and	Maximum load	Test 2 and days	Maximum load	Test 3 and days	Maximum load	Test 4 and	Maximum load
		penetration	age after driving	and		after driving	and		after driving	and	days	after	and
					displacement				displacement				displacement	driving	displacement
	R1	457 mm,	Tension failure, 9	1450 kN	at	Tension		1500 kN	at	Tension failure,	1646 kN	at	N/A	N/A
		19.31 m	days	24 mm		failure, 57 days	8 mm		239 days		8 mm
	R2	457 mm,	Tension failure,	3210 kN	at	Cyclic failure	1700 kN	at	N/A		N/A	N/A	N/A
		18.85 m	235 days	34 mm		then	rapid	8 mm				
							tension failure					
							(236 days)					
	R3	457 mm,	Unfailed tension	2000 kN	at	Cyclic failure	1650 kN		Tension failure,	2000 kN	at	N/A	N/A
		19.24 m	proof load test, 85	10 mm		then	rapid	(ultimate)	at	250 days		10 mm
				days			tension failure	30 mm				
							(87 days)						
	R4	457 mm,	Unfailed tension	2000 kN	at	Cyclic failure	1650 kN		Low-level	2491 kN	at	N/A	N/A
		19.37 m	proof load test (74	9 mm		then	rapid	(average)	at	cyclic test, then	12 mm
				days)			tension failure	15 mm		rapid	tension	
							(82 days)				failure, 236 days	
	R5	457 mm,	Unfailed tension	2000 kN at 9	Cyclic failure	1300 kN	at	Tension failure,	1794 kN	at	N/A	N/A
		19.05 m	proof load test (86	mm		then	rapid	10 mm		226 days		9 mm
				days)			tension failure					
							(88 days)						
	R6	457 mm,	Tension failure	2400 kN	at	Cyclic failure	Static 1585 kN	Cyclic failure,	1300 kN	Cyclic failure	1300 kN	at
		18.90 m	(80 days)	30 mm		then	rapid	at 7 mm		then	rapid	(average)	at	then	rapid	15 mm
							tension failure			tension failure	10 mm	tension failure
							(82 days)				(83 days)			(238 days)
	C1	457 mm,	Compression	2800 kN	at	Tension failure	821 kN	at	Two-way cyclic	450 kN	at	N/A	N/A
		10.02 m	failure (68 days)	33 mm		(69 days)		33 mm		failure,	then	20 mm
											tension failure	
											(72 days)		

Table 2 .

 2 19 Short-term capacities calculated following ICP approach(Jardine et al. 

	2012)	
	Pile	Calculated ICP capacity, kN
	R1	1500 (shaft tension)
	R2	1390 (shaft tension)
	R3	1430 (shaft tension)
	R4	1700 (shaft tension)
	R5	1420 (shaft tension)
	R6	1270 (shaft tension)
		910 (shaft compression)
	C1	673 (shaft tension)
		753 (base)
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 2 20 Information on Rate and Magnitude of Sand Ageing Effects on Sand Properties (after[START_REF] Mitchell | Aging of Sand -a Continuing Enigma ? 6th International Conference on Case Histories in Geotechnical Engineering[END_REF] 

	Property	Reference	Data	Predictive equation	Comments
		Anderson and Stokoe (1978), Mesri et					
		al. (1990), Jamiolkowski and	Mainly Resonant Column	Equation 2.2	0 < 𝑁 𝐺 < 0.05 ; 𝑡 1000 is reference time of 1000 min
		Manassero (1995)					
		Human (1992)	Laboratory tests					G computed from Vs measured using bender elements
	Initial shear							𝐺 𝑛 = 𝐺 (𝜎 𝑣 ⁄	0.5 )
	modulus	Troncoso and Graces (2000)	Downhole shear wave velocity measurements at 4 tailing dams	𝐺 𝑛 = 117.24𝑡 0.67	𝐺: shear modulus 𝜎 𝑣 : vertical effective pressure
								𝑡: age in years
		Howie et al. (2002)	Triaxial tests after consolidation and ageing					𝐺 computed from Young's Modulus 𝐸 at low strain
		Baxter and Mitchell (2004)	Laboratory tests in fixed ring consolidometers					G computed from Vs measured using bender elements
		Dumas and Beaton (1988)	Field CPT					Only data for one time
								(𝑞 𝑐 )
			laboratory compression tests, laboratory blast				
		Mesri et al. (1990)	tests (Dowding and Hryciw 1986), Jebbba dam data (Solymar, 1984) and post DDC filed data	𝑞 𝑐 (𝑞 𝑐 ) 𝑅	= (	𝑡 𝑅 𝑡	)	𝐶 𝐷 𝐶 𝑎 𝐶 𝐶 ⁄
			from Schmertmann et al. 1987				
	CPT resistance						

𝑅 : reference 𝑞 𝑐 at re refence time 𝑡 > time for primary consolidation. 𝐶 𝐶 : compression index.
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 2 21 Summary of sand ageing effects reported in literature

	Ageing effect		Study		Soil		Tests	Results
			Afifi & Woods (1971)	Clean sand, silt and clay	Resonant column tests Time dependent increase in shear modulus
			Anderdon & Stokoe (1978)	Ottawa, Agsco and quartz sand	Resonant column tests Increase in shear modulus with log-time
			Thomann & Hryciw (1992)	Two sand types		Torsional resonant column tests shear	Greater ageing effects after greater disturbances
			Jamiolkowski (1996)			
			Mesri et al. 1990 Jamiolkowski Manassero (1995)	&	Silica, carbonate sands mica,	and	Increase in the shear modulus with time, greater for carbonate sands
			Dano et al. 2018			
			Daramola (1980)		Ham River sand		Triaxial saturated samples tests	on	Increase in the secant deformation modulus with time
	Small modulus	strain and	Human (1992)		Crystal silica sand	Drained triaxial tests on dry samples	No difference in stress-strain behaviour with time.
	stiffness						Greater increase in stiffness at small strains than at larger
			Howie et al. (2002)		Fraser River sand	Triaxial tests	strains
							Linear increase in stiffness wit log-time
					Glass beads	
			Bowman and Soga (2003)	Montpellier sand	Beach	Triaxial tests	Interlocked state developed with time resulting in areas of relatively large voids and areas of tightly packed particles
					Leighton Buzzard sand
							Small strain modulus
			Baxter & Mitchell (2004)	Evanston beach sand and Density sand	Electrical conductivity Pore fluid chemistry Mini-cone penetration	Time dependent changes in the small strain shear modulus, electrical conductivity, and chemistry of the samples.
							resistance
			Miller (1994)		Sand		Direct simple shear tests	Small increase in shear modulus over time
			Denisov & Reltov (1961)	Sand		Vibrating experiment	plate	Ageing process caused by the cementation of the particle to the glass
	Shear strength	Loser et al. (2000)		Glass beads		Sliding plate tests	Time dependent strengthening in the material under initial shear
			Al-Sanad and Ismael (1996)	Fine to medium well graded silty sand	Direct shear tests	Increase in friction angle with time
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 2 22 Studies of pile set-up

	Study		Soil type	Pile type		Installation		Results	Conclusion / observation
	Radugin (1969)	Sand Slightly clayey sand Clayey sandy silt Clay	Reinforced concrete piles Square section (30x30 cm), 4, 5 and 6 m length	Driven		Determination of limit time T1 for different soil types	𝑁 𝑚𝑎𝑥 = 𝑁 0 +	𝑁 𝑡 -𝑁 0 𝐹
			St. Charles River					
	Tavenas Audy (1972)	&	Backfill overlying a deep sand deposit Medium-to-fine	Precast concrete piles, 305 mm diameter and 8.5 to 13.0 m length	Driven		Increase in the bearing capacity during the 15 to 20 days
			uniform sand						Changes in the soil structure around
	Samson Authier (1986) &	Jasper Successive layers of gravel, sand, sandy fine sand grave and medium-to-	14 m embedment Steel H piles (HP 310 x 79) 22 m embedment	Driven		An increase of 33% in less than 2 days 85% after 51 days	the pile
				Prefabricated	concrete			
				piles				
	Skov & Denver (1988)	Sand Clay Chalk	Square section (25x25 cm), 19.0 and 21.0 m Steel pipe piles length	Driven		logarithm of time after initial driving The time-dependent increase in bearing capacity can be defined as linear with	𝑁 𝑁 0	= 1 + 𝐴 log	𝑡 𝑡 0
				0.762 m diameter and			
				33.7 m length				
				Precast concrete piles			
				(355 mm diameter, 27 m			Increase in pile capacity over time after
	Preim et al. (1990)	Very loose clayey sand Very soft clay	length) Steel closed-end piles	Driven		initial driving: the total capacities after two weeks were 2 or 3 time those at the	The increase took place in skin friction capacity
				(323 mm diameter, 27 m			end of driving
				length)				
	Holm & Åstedt, (1995)	Silt and clay (Sweden soils)	Precast concrete piles	Driven		Increase in bearing capacity of about 40 to 120% over 200 days
			1 to 3.4 m of soft and					
	York et al. (1994)	highly organic silty clays and compressible peats 40 m of stratum of glacial fine to medium	Timer piles Steel piles		Driven bored	and	Time-dependent increase in load capacity from 40 to 80% The set-up reaches a maximum value within 15 to 25 days
			sand					
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 2 23 Investigation campaigns in Dunkirk Site

	Project	Piles	Installation Tests	Results
		Open-ended steel piles:	Tension and compression tests.	
		17 model (70 mm in		
	Clarom Project (Brucy et al.,	diameter, 2.55 m in length)	Driven	
	1991)	4 large (324 mm in		
		diameter, CS and CL 12		
		m in length, and LS and		
		LL 24 m in length)		

Table 3 . 1

 31 Maximum vertical Young's modulus from K0 triaxial drained tests on NC samples, after

	Aghakouchak (2015)			
	Sample	E'v (MPa) G(MPa)	KCNS (kPa/mm)
	DNK150C	430	172	13760
	DNK300C	640	256	20480
	DNK500C	820	328	26250

Table 3 .

 3 2 Sand samples for the dry tests

	Sample box	Dimensions (mm) Square: 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ 𝑥 ℎ𝑒𝑖𝑔ℎ𝑡	𝐴 𝑖𝑛𝑡 (𝑚𝑚 2 ) Volume (mm 3 )	Sand weight (g)
		Circular: 𝑟𝑎𝑑𝑖𝑢𝑠 𝑥 ℎ𝑒𝑖𝑔ℎ𝑡			
	Square	60𝑥60𝑥30	3600	108000	184.16
	Circular	30𝑥19.2	2827	54287	90.6

Table 3 .

 3 3 Sand samples for the unsaturated tests

	Sample box	Dimensions (mm) Square: 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ 𝑥 ℎ𝑒𝑖𝑔ℎ𝑡	𝐴 𝑖𝑛𝑡 (𝑚𝑚 2 ) Volume (mm 3 )	Sand weight (g)
		Circular: 𝑟𝑎𝑑𝑖𝑢𝑠 𝑥 ℎ𝑒𝑖𝑔ℎ𝑡			
	Square	60𝑥60𝑥30	3600	108000	195.21
	Circular	30𝑥19.2	2827	54287	96.04

Table 3

 3 

	.4 Used masses for pre-load	
	Stress (kPa)	Force (kg/cm²)	Masses (kg)
	50	0.51	18.36
	100	1.02	36.72
	200	2.04	73.44
	300	3.06	110.16

Table 3

 3 

	.5 CNL dry tests results			
	Normal stress (kPa)	50	100	200	300
		0 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	29.2	43.1	79.6	122.8
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-27.2	-45.5	-81.6	-121.2
	𝛿(°) average	24.3			
		1 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	20.6	32.4	54.0	89.1
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-21.9	-40.8	-65.6	-111.2
	𝛿(°) average	19.5			
		7 days			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	31.1	33.7	106.7	119.3
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-29.7	-41.2	-117.5	-131.2
	𝛿(°) average	25.9			

Table 3 .

 3 6 CNL unsaturated tests results

	Normal stress (kPa) 50	100	200	300
		0 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	53.5	71.3	106.8	173.7
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-49.8	-69.9	-117.7	-190.3
	Cohesion (kPa)	25			
	δ(°) average	25.2			
		1 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	56.3	78.0	124.9	163.1
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-59.6	-88.0	-152.4	-192.2
	Cohesion (kPa)	35			
	δ(°)	23.3			
		7 days			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	67.3	72.6	163.8	216.6
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-64.0	-57.0	-175.4	-215.6
	Cohesion (kPa)	25			
	δ(°)	33.0			

Table 3 .

 3 7 CV dry tests results

	Normal stress (kPa) 50	100	200	300
		0 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	5.2	22.2	53.0	61.6
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-28.3	-39.1	-74.1	-94.6
	δ(°)	16.7			
		1 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	15.2	22.0	48.0	85.2
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-35.2	-32.6	-78.0	-109.6
	δ(°)	19.2			
		7 days			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	22.8	37.5	63.2	67.0
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-26.3	-38.4	-81.6	-101.3
	δ(°)	20.6			

Table 3 .

 3 8 CV unsaturated tests results

	Normal stress (kPa) 50	100	200	300
		0 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	34.4	52.7	78.9	127.5
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-45.0	-75.0	-90.7	-111.0
	Cohesion (kPa)	30			
	δ(°)	15			
		1 day			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	47.3	65.0	69.8	162.8
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-58.4	-54.2	-111.5	-152.4
	Cohesion (kPa)	32			
	δ(°)	19			
		7 days			
	𝜏 𝑚𝑎𝑥 (kPa) (+)	55.9	70.9	111.0	116.9
	𝜏 𝑚𝑎𝑥 (kPa) (-)	-59.3	-54.4	-68.8	-204.9
	Cohesion (kPa)	34			
	δ(°)	20			

Table 3 .

 3 10 Shear stress calculation parameters

	Shear stress (kPa)	Radial effective stress (kPa)	Friction angle (°) *	ℎ 𝑖 (m)
	𝜏 𝑓1	50		1
	𝜏 𝑓2 𝜏 𝑓3	100 200	35	0.5 0.5
	𝜏 𝑓4	300		0.5
	*Assuming that the friction occurs in a sand band		

Table 3 .

 3 11 Fresh mild steel piles results between 0 and 14 days

	Pile	Time (days) Capacity (kN)		
	S1		0	28.8			
	S20	0	31.4			
	S19	1	33.0			
	S2		2	29.9			
	S18	14	68.0			
	Table 3.12 Calculation of fresh mild steel piles capacities according to CV tests and
	ICP method						
	Test	Shear stress (kPa)			𝑄 𝑠 = 𝜋𝐷 ∫ 𝜏 𝑓 𝑑𝑧
		0 day	1 day	7 days	0 day	1 day	7 days
	50 kPa	45.0	58.4	59.3			
	100 kPa	75.0	65.0	70.9			
	200 kPa	90.7	111.5	111.0	30.9	36.7	40.7
	300 kPa	127.5	162.8	204.9			

Table 3 .

 3 13 Calculation of fresh mild steel piles capacities according to sand crust evolution, friction angle changes and ICP method

	Age (days)	Radial stress (kPa)	effective	Friction angle (°)	Shear (kPa)	stress	D pile diameter (mm)	𝑄 𝑠 = 𝜋𝐷 ∫ 𝜏 𝑓 𝑑𝑧
		50			23.32			
	0	100 200		25	46.63 93.26		61.00	31.28
		300			139.89			
		50			28.87			
	1	100 200		30	57.74 115.47		61.50	39.04
		300			173.21			
		50			35.01			
	7	100 200		35	70.02 140.04		62.50	48.12
		300			210.06			

  Les pieux étudiés étaient tous en acier avec des surfaces et des natures différentes. Étant donné qu'il s'agit de « vieillir », le temps a également été l'un des principaux critères de cette étude. Chacune de ces différences a été pensée afin de pouvoir étudier toutes les hypothèses émises dans les recherches précédentes sur le sujet. Diverses hypothèses et postulats ont été avancées pour expliquer l'augmentation de la capacité des pieux : (i) processus chimiques ; (ii) processus mécaniques ; (iii) effet des perturbations dynamiques et de la dissipation de la pression interstitielle ; et (iv) les effets biologiques.

Pour étudier le phénomène de vieillissement et ses différents possibles mécanismes, un vaste programme d'essais a été mené dans un site bien décrit à Dunkerque (France). Au cours de cette campagne, 35 pieux de petit diamètre (environ 50 mm de diamètre et 2 m de long) de nature différente (acier frais et lisse, acier inoxydable lisse et rugueux, acier rugueux et corrodé) ont été battus dans un sable siliceux fin et ont été testés en traction à différentes échéances (de 1 jour à 1 an).

Dans cette partie in-situ de la thèse, nous voudrions souligner l'aide précieuse de la société SOL SOLUTION (Riom, France) et les remercier pour leur appui technique dans la mise en place des pieux et leur participation avec des essais pénétrométriques (Panda® et Grizzly®).

En plus des essais in-situ, une campagne d'essais en laboratoire a été réalisée. D'abord, des essais de cisaillement direct d'interface ont été réalisé sur sable sec et non-saturés (mêmes conditions qu'in-situ) et plaques d'acier (corrodable). Le but étant d'essayer de traduire l'augmentation de capacité des pieux en augmentation de contrainte de cisaillement. Pour cela, des essais à contrainte normale constant et à volume constant ont été effectué.

  Dunkerque dans le cadre de la thèse. Ces tests seront ensuite comparés aux résultats obtenus par des tests effectués à Larvik (Norvège) et Blessington (Irlande) dans des conditions différentes. Cela permettra de distinguer l'influence des paramètres du sol sur le taux de gain en capacité et donc en vieillissement qu'il est possible d'obtenir.• Ensuite, nous avons validé nos conclusions tirées des campagnes in situ par une recherche bibliographique décrite dans le chapitre 2. Cela a permis de confirmer les hypothèses de départ et d'orienter les essais en laboratoire. • Dans le 3ème chapitre, une description complète des tests de laboratoire est décrite. Le but de cette série d'essais était d'essayer de reproduire ce qui est observé in-situ à l'échelle du laboratoire. Pour ce faire, des essais mécaniques tels que des essais de cisaillement d'interface ont été menés sur le sable de Dunkerque et d'une plaque d'acier. Nous avons également réalisé des tests chimiques pour étudier l'aspect corrosion. • Enfin, le chapitre 4 est un résumé donnant les principales conclusions et les perspectives possibles. Nous vous résumerons ci-dessous les conclusions de chaque chapitre : Une série d'études de terrain des tests en traction sur des pieux de petit diamètre battus dans le sable ont été lancés en janvier 2016 sur le site de Dunkerque. Seuls les mécanismes de frottement agissant sur le fût du pieu sont étudiés. La variabilité des interfaces ainsi que la variation des âges ont été utilisées pour supposer que la corrosion (effet chimique) est une caractéristique importante dans la configuration observée des pieux petit diamètre. Les résultats ont montré une augmentation de capacité pour les pieux en acier corrodable et aucune augmentation pour les pieux en acier inoxydable avec le temps. Pour les pieux en acier corrodable vieillis ou les pieux initialement corrodés, l'interface qui se cisaille jusqu'à la rupture est considérée comme étant à l'intérieur de la masse de sable. Le processus de collage ou liaison contribue à augmenter la dilatation, l'angle de frottement de l'interface et l'expansion physique du pieu avec le temps. À l'échelle granulaire, les réarrangements microstructuraux et le collage sont importants pour augmenter la capacité des pieux dans le temps. En parallèle, deux autres campagnes d'essais ont été menées à Larvik et Blessington. L'importance du diamètre du pieu, de la corrodabilité de l'acier, de la rugosité de surface et des conditions du sol sur le comportement au vieillissement a été étudiée. En outre, l'influence du processus de conduite a également été étudiée. Une comparaison des résultats des trois sites a conduit aux conclusions suivantes : o Les pieux de large diamètre ont développé des facteurs de vieillissement plus élevés que les pieux de petit diamètre, nous pouvons conclure que le diamètre du pieu a une influence sur les vitesses de vieillissement. o L'importance du matériau du pieu, sa rugosité et le processus physico-chimique a été prouvée par l'absence d'augmentation de la capacité dans le cas des pieux en acier inoxydable. La rugosité du pieu et la dilatation empêchée influencent le gain de capacité des pieux de petit diamètre. La méthode ICP-05 prend en compte ces paramètre en utilisant les tests de cisaillement d'interface et en reliant la dilatation de l'interface à la rigidité du sable et au diamètre du pieu (équation 1.2). o L'absence d'augmentation de capacité pour les pieux en acier inoxydable a montré que les variations de température et de pression interstitielle ont une influence négligeable. o La méthode d'installation a une influence importante. Un fort processus de battage surdimensionné diminue les contraintes effectives radiales et donne des capacités à court terme proches de la limite supérieure développée après un long vieillissement par la méthode conventionnelle des pieux battus. o La méthode ICP-05 donne des estimations de capacité crédibles pour les plus gros pieux. Cependant, il surestime les capacités des pieux de petit diamètre de Larvik dans les sables limoneux lâches et sous-estime la capacité des pieux dans les sables denses. L'équation (1.5) devrait probablement être abaissée lorsque des sols limoneux meubles sont pris en compte.o Compte tenu de la rugosité de surface des pieux liée à la rupture, des limites supérieures de capacité de pieux ont été observées sur les trois sites, par des pieux de petit et grand diamètre, allant jusqu'à 2,1 à 2,5 fois les estimations à moyen terme avec la méthode ICP-05.o Les capacités initiales de la plupart des pieux étaient bien en deçà de cette limite supérieure, laissant place au nombre de mécanismes de vieillissement appliqués sur le terrain au fil du temps atteignant les taux maximaux spécifiques au site. Ces vitesses pourraient être contrôlées par des pressions limites liées à un processus d'expansion des cavités cylindriques autour des fûts des pieux.

	o La corrosion en condition saturée se développe moins rapidement qu'en condition non
	saturée.
	o o Cette conclusion exclut : (i) les petits pieux installés dans les sables limoneux lâches de
	Larvik, surestimés par la méthode ICP-05 et (ii) les petits pieux en acier inoxydable enfoncés

• Tout d'abord au chapitre 1, une description de la campagne d'investigation in-situ menée à

• Chapitre 1 : dans les sables de Dunkerque ne montrant aucun montage, même si leurs capacités initiales dépassaient les estimations de l'ICP-05 d'environ 50 %.

  Dans ce chapitre, une revue de la littérature a été présentée afin de valider ou d'invalider les résultats in-situ présentés au chapitre 1.Il a été établi que les effets et les aspects du vieillissement du sable sont multiples. Par exemple, plusieurs études (Tableau 2.21) ont démontré l'augmentation en fonction du temps du module de cisaillement et de la résistance au cisaillement. De plus, l'augmentation de la résistance à la pénétration et à la liquéfaction dans le temps suite à une perturbation dynamique a également été mise en évidence. Enfin, la méthode d'installation des pieux a fait l'objet de multiples études pendant des décennies(Tableau 2.22). Il convient de noter qu'aucun cas d'augmentation de capacité de pieux forés dans le sable n'a été trouvé. En revanche, de nombreuses études ont rapporté des preuves d'une augmentation de la capacité des pieux battus ou vissés avec le temps.Plusieurs projets menés sur le site de Dunkerque ont également été présentés, donnant une idée de l'histoire expérimentale du site et des résultats obtenus pour des pieux de grand et de petit diamètre (Tableau 2.23). Dans tous les programmes d'essais, une augmentation de la capacité de l'interface a été observée. Une attention particulière a été portée à la différence entre les essais de compression et de traction. En effet,[START_REF] Brucy | Behaviour of a pile plug in sandy soils during and after driving[END_REF] ont observé que la charge de traction mobilisait le frottement externe du fût tandis que la charge de compression mobilisait à la fois le frottement externe et interne du fût, en plus de la résistance de pointe.Chow (1997) a étudié l'effet du rebattage sur les pieux ainsi que l'influence de la distance entre pieux. Elle a conclu que lorsqu'ils étaient rechargés dans la même direction, les pieux montraient une augmentation de la capacité portante et que l'installation d'un pieu voisin dans le sable entraînait une augmentation de la capacité portante.[START_REF] Parker | OTC 10828 Jet Grouting To Improve Offshore Pile Capacity: GOPAL Project[END_REF]) et Jardinet al. (2006) ont observé que les pieux développaient leur capacité prévue par la méthode ICP-05 dix jours après le battage et qu'elle atteignait des valeurs d'environ 2,3 fois plus élevées. Ils ont également montré l'effet bénéfique de cycles à basse altitude sur la capacité des pieux. Enfin, ils ont constaté que lorsque les pieux arrivent à la rupture, ils ne peuvent pas supporter les mêmes charges que les pieux vieillis intacts.Une attention est portée à l'effet d'échelle du diamètre du pieu, conduisant à la conclusion que la capacité diminue avec l'augmentation du diamètre, contrairement à ce qui a été observé sur les trois sites Dunkerque, Larvik et Blessington.Les mécanismes probables du vieillissement ont été examinés dans la dernière partie du chapitre. Quatre catégories de mécanismes ont été discutées : chimiques, mécaniques, dissipation de la surpression interstitielle et mécanismes biologiques. L'importance de chacun de ces mécanismes est démontrée sous certaines conditions. Il est donc difficile d'établir lequel d'entre eux est le phénomène le plus prédominant.Enfin, l'importance du taux et de l'ampleur du vieillissement a été soulignée. Plusieurs exemples ont été présentés à partir de données de terrain et de laboratoire. L'influence de la température sur le taux de vieillissement a également été démontrée par certaines études. Plus de données sont nécessaires pour établir un lien clair entre la température et les processus de vieillissement. Comprendre les effets de ce paramètre pourrait être avantageux pour développer des équations plus fiables de prédictions de vieillissement.Les essais à contrainte normale constante (CNL) avaient pour but de définir les enveloppes de rupture de Mohr-Coulomb entre lesquelles les essais à volume constant (CV) devaient évoluer.Tout d'abord, les essais CNL avec sable sec ont montré des valeurs de contrainte de cisaillement constantes pour l'essai à 50 et 100 kPa. Alors que les essais à 200 et 300 kPa ont observé une diminution de leurs résultats en contrainte de cisaillement de 0 à 1 jour puis un rebond de 1 à 7 jours. De plus, l'angle de frottement a également augmenté.En revanche, les essais CNL en conditions non saturés ont montré une légère augmentation de la contrainte de cisaillement pour les essais 50 kPa. Les valeurs trouvées pour les 100 kPa sont restées constantes pour tous les âges. Pourtant, une augmentation considérable a été montrée pour les essais à 200 et 300 kPa entre 0 et 7 jours. L'angle de frottement est resté constant entre 0 et 1 jours (autour de 25°) et a fortement augmenté après 7 jours pour atteindre approximativement l'angle de frottement du sable (angle de frottement de l'interface d'essais de 33° ; angle de frottement du sable de 35°).Ces résultats indiquent que plus la précharge est élevée, plus l'augmentation de la contrainte de cisaillement peut être élevée. Cela indique aussi, que le vieillissement ne peut être constaté qu'entre 1 et 7 jours au minimum.Lors des essais CV, la contrainte normale a considérablement diminué jusqu'à atteindre la ligne de rupture définie par les essais CNL. Tous les essais ont montré une augmentation de la contrainte de cisaillement et du frottement d'interface avec la contrainte de précharge et avec le temps. En effet, dans les conditions sèches, on observe une augmentation d'environ 15 % de 0 à 7 jours de la contrainte de cisaillement et d'environ 25 % de l'angle de frottement à l'interface. Dans les conditions non saturées, la contrainte de cisaillement a augmenté d'environ 40 % par rapport au niveau de précharge. Alors qu'il est passé de 10 à 60% par rapport au temps de pré-chargement. Comme pour les essais en conditions CNL, plus le niveau de précontrainte est élevé, plus l'augmentation de la contrainte de cisaillement est importante.Dans les deux cas, essais CNL secs et non saturés, on s'attend à ce que les grains de sable se réorganisent au cours du temps sous une contrainte de précharge donnée entraînant une augmentation de la contrainte de cisaillement avec le temps et avec l'augmentation de la contrainte normale. Cette augmentation est plus importante dans le cas non saturé puisque la présence d'eau entraîne une plus grande cohésion apparente et un plus grand angle de frottement d'interface.Dans le cas des essais CNL, la charge normale est constante sur l'essai conduisant à une cimentation qui se rompt lorsque la boîte à échantillons est retirée de la plaque. Ceci ne se produit pas lors des essais CV, car en effet, la contrainte normale varie afin d'assurer la condition de volume constant, ce qui génèrerait des forces inter-particulaires plus faibles que dans le cas des essais CNL.Cette croûte de sable démontre un changement évident dans la nature du cisaillement. En fait, le cisaillement ne se produit plus dans l'interface plaque-sable, mais dans la masse sable-sable. Nous avons également noté que l'angle de frottement obtenu pour les essais de cisaillement réalisés après 7 jours est égal à l'angle de frottement du sable.Malgré l'intervalle de temps de test limité, nous avons essayé de trouver une corrélation entre les résultats de terrain et de laboratoire. Deux méthodes basées sur la méthode ICP-05 ont été employées : (i) la contrainte de cisaillement obtenue à partir des résultats d'essais CV non saturés, et (ii) l'évolution de la croûte de sable et les changements d'angle de frottement. On peut dire que dans le cas de pieux en acier doux et dans la limite de 7 jours, les résultats expérimentaux couplés à la méthode ICP-05 donnent des résultats cohérents avec les valeurs de capacité portante obtenues sur le terrain.Pour les pieux en acier, le matériau du pieu est important pour déterminer si une augmentation de capacité peut être anticipée. En effet, l'absence d'augmentation de capacité pour les pieux en acier inoxydable ou galvanisés est liée à l'absence d'effet de corrosion. Aucun mécanisme de vieillissement indépendant n'a été développé, tel qu'un gain de rigidité au cisaillement, de dilatation, de réorganisation de particules ou de redistribution radiale des contraintes. D'autre part, le processus de corrosion comprend des processus internes tels que la rugosité de la surface du pieu, le collage, un diamètre effectif plus élevé augmentant les angles de cisaillement de l'interface et l'augmentation de la contrainte radiale due à l'augmentation du diamètre effectif.Durant les essais de cisaillement d'interface en conditions sèches et non saturées, les grains de sable se réorganisent dans le temps sous une contrainte de pré-chargement donnée entraînant une augmentation de la contrainte de cisaillement dans le temps et avec l'augmentation de la contrainte normale. Cette augmentation est plus importante dans le cas non saturé car la présence d'eau entraîne une plus grande cohésion apparente à l'aspiration et un angle de frottement plus important. Cette augmentation de l'angle de frottement est attribuée au processus de corrosion qui a rendu l'interface de cisaillement plus rugueuse. La cohésion ajoutée à l'augmentation de l'angle de frottement nous a conduit à étudier la croûte de sable formée sur les plaques dans le cas d'essais non saturés. Cette croûte de sable a tendance à se former sur les plaques lors des essais de cisaillement non saturés et démontre un changement important dans la nature du cisaillement (de l'interface plaque-sable à la masse sable-sable). La concentration en fer de la croûte de sable a également été étudiée et il apparaît qu'elle obéit à une équation de puissance.Une corrélation entre les résultats de terrain et de laboratoire expérimental a été trouvée par deux méthodes différentes basées sur la méthode ICP : (i) selon la contrainte de cisaillement obtenue avec les essais CV non saturés, et (ii) selon l'évolution de la croûte de sable et de l'angle de frottement.Le mécanisme sur lequel se sont concentrés les essais en laboratoire et sur le terrain est celui du processus physico-chimique et plus précisément celui de la corrosion. En fait, il a été démontré qu'une plus grande augmentation de la contrainte de cisaillement peut être attendue avec de petits pieux battus en acier dans des conditions non saturées. En conclusion, dans le cas des pieux métalliques de Dunkerque, le mécanisme prédominant du vieillissement est la corrosion. Cette conclusion est basée sur l'absence de vieillissement dans le cas des pieux en acier inoxydable. Aucun mécanisme de vieillissement indépendant, tel qu'un gain de rigidité en cisaillement, une dilatation due au fluage, un enchevêtrement accru des grains ou une redistribution radiale des contraintes n'a entrainé une augmentation de capacité. De plus, pour les pieux de petit diamètre, la bande de cisaillement d'interface est plus importante que pour les pieux de large diamètre. Cette bande de cisaillement d'interface est liée à l'effet d'échelle du rapport particule-pieu (dont l'épaisseur est définie par la taille des grains), qui se développe autour du fût.Comme perspectives, il serait intéressant de pouvoir créer un modèle numérique pour des pieux en acier de différents diamètres et longueurs. L'idée serait d'intégrer l'effet de la taille du pieu, les caractéristiques du matériau du pieu, les caractéristiques du sol, et les éventuels changements que subira le pieu au cours de son vieillissement. Ce modèle numérique pourrait s'appuyer sur la méthode ICP-05 et les différentes campagnes d'investigation menées dans différents types de sable.
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Nous avons également observé une formation de croûte de sable sur l'interface insaturée des tests de cisaillement des plaques d'acier corrodable. Il semble que l'évolution de l'épaisseur de la croûte de sable suit une ligne de tendance exponentielle alors que sa concentration en fer obéit à une équation en puissance.

• Conclusions et perspectives générales :

Dans ce qui suit, nous vous résumerons les conclusions et perspectives générales :

Nous avons tout d'abord prouvé à travers les essais in-situ que le diamètre du pieu a une influence sur l'amplitude du vieillissement. Il a également été démontré que la méthode d'installation, le type de pieu et l'ampleur de la perturbation pendant l'installation ont également une influence sur le vieillissement. Un vieillissement est observé pour les pieux vissés et battus (déplacement), mais aucun cas pour les pieux forés (remplacement) n'a été signalé. D'autre part, il a été prouvé que la rugosité du pieu et la dilatation contrainte influencent le gain de capacité des petits pieux. Cette constatation a déjà été mise en évidence dans la méthode ICP-05 en utilisant les tests de cisaillement d'interface et en reliant la dilatation de l'interface à la rigidité du sable et au diamètre du pieu (Équation 1.2).

Pour les pieux à grande échelle, l'augmentation de la capacité est liée au collage (bonding) et à l'augmentation de la rugosité ainsi qu'à une récupération de la résistance de l'interface. En effet, la relaxation des contraintes conduit à une mobilisation de la contrainte horizontale sur l'interface du pieu (phénomène de fatigue par frottement -' friction fatigue').

De plus, la méthode ICP-05 devrait être reprises pour la prise en compte des pieux de petit diamètre et pour les sables lâches. Cependant, si des essais complémentaires en laboratoire sont réalisés, la méthode ICP-05 pourra mieux prédire les capacités des pieux.
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Penetration and liquefaction resistance [START_REF] Dowding | A laboratory study of blast densification of saturated sand[END_REF] Evanston beach sand

Blast densification Penetration resistance

Time-dependant increase in penetration resistance of densified samples and control samples [START_REF] Baxter | Experimental Study on the Aging of Sands[END_REF] Evanston beach sand

Blast densification Penetration resistance

No increase in the penetration resistance over time 

Water content

To try to understand the variations of water inside the samples during the pre-load period, three random samples aged 2 hours, 1 day and 7 days from the shear tests were chosen. Then, we collected 100 g from the lower part of each sample, and we put them in an oven at 80 degrees for 24 hours. The results are shown in Table 3.9. We observe a decrease over time of about 30% to 54% of the initial water content (6%). This reduction can be linked either to evaporation (room maintained at about 20°C) or to the consumption of water in the corrosion process.

Sand crust

Following tests under unsaturated conditions, we observed a sand crust glued to the mild steel plates. In order to go further in the study, we decided to focus on this layer of sand both in terms of thickness and composition.

Thickness of the sand crust

Systematically after each unsaturated test, measurements of the thickness of the layer of sand glued to the steel plate were carried out. In fact, the shear box was removed carefully by lifting it up to avoid crust lost by pulling it. A 3D laser surface profiler was used, and the measurements were performed on a 80x80 mm square and a step of 0.5 mm between the measurement lines. Following this, a 3D Matlab reconstruction code was required in order to reconstruct the surfaces (Appendix 3). An average value of the crust thickness is then taken to present its evolution.

Appendices

Appendix 1 Panda 2® tests