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Introduction

 

This is a summary of my observations reading articles and documents related to the behaviour of jack-ups, mainly in the North Sea area. I have further made an evaluation of some of the clauses in DNV-OS-C104 and NORSOK N-001 and N-003. The document was made in Norwegian in 2002-2003, and translated to English 15.3.2006. 

Instrumented jackups 

 

I have found reported measurements from the following jackups. All have three legs and have been operating in the North Sea area.

a)                  Maersk Endurer (Hunt et al, 1999 and 2001 and MSL, 2002). Water depth was 91m. The distances between the legs were 55m. The spud can penetrations were about 6,4m. The soil conditions were fast to stiff clay to 7,5m and further stiff to hard clay. The responses were measured in 1997-1999 at Shearwater.

b)                  Maersk Guardian (Brekke, 1990 + Sterndorf, 1993 + Brinkmann and Brekke, 1993 + Weaver and Brinkmann, 1995). Water depth was 75m at Silver Pit in 1988-89 and the water depth was 75m at Ekofisk 2/4-W in 1990-91.  The soil at Silver Pit was firm sand. At Ekofisk the upper layer are normally consolidated find sand.

c)                  West Epsilon (Karunakaran et al, 1997 and 1998). This platform had 5m skirt. The response measurements were performed in 1995-96 at Sleipner West at 107m water depth. 

d)                  Rowan Gorilla II (Hambly mfl, 1990),

e)                  Galaxy-1 (Temperton mfl, 1999) on five different locations with varying soil conditions in 1990-96.

f)                    Monitor (Temperton mfl, 1999) on nine different locations with varying soil conditions in 1990-96.

g)                  Magellan (Temperton mfl, 1999 + Nelson et al, 2001) on two locations in 1990-96. The spud can penetrations were 0.9-3m (Temperton). The soil conditions were sand above clay. At Franklin in 1998-99 the water depth was 91.8m. Nelson et al give the spud can penetration to be 2.2-2.5m in fast to stiff clay (to 5m) above sand and hard clay.

h)                  Kolskaya (McCarron et al, 1992) at Hod. The water depth was 72m. The soil conditions were sand above clay. The spud can penetration was 1.4m. They had a storm causing local failure in the soil under one of the spud cans. The results are most relevant for situations close to or at failure.

Observed versus calculated response

 

Brekke et al (1990) analyse the effect of wave spreading on Maersk Guardian. They had waves up to 7.5m. The results are sensitive to the wave direction. The reason is believed to be cancellation effects. The wave spreading both reduces and decreases the response. These measurements might be the reason for the Noble Denton (1993 commentaries to chapter 3.5.1.2): " To use such a spreading factor in reducing overall forces on a structure is debatable, and especially so for jack-up structures. There may be cases where the inclusion of the spreading in irregular seas results in higher forces for some headings. If the leg spacing corresponds to a wave period, inducing opposing wave forces for different legs coinciding with the first resonance period, the forces will in fact be amplified when spreading is introduced". Brekke et al (1990) uses the Exxon values of hydrodynamic coefficients, which is close to the ISO values. They find the typical response to be underestimated with 5-10%. In table 2 they demonstrate the standard deviation to be underestimated the overturning moment (OTM) with 7.4-8.7% and the maximum values underestimate the response with 5-19.6% for storm 1. Storm 2 also gave differences between calculated and measured values – but they seem to compare with the measurements from storm number one!

 

Karunakaran et al (1997 and 1998) has analysed measurements from West Epsilon 9.2.1996 and 10.2.1996. They have analyzed three storms with Hs of 9.0-9.3m. The largest individual wave (H) was 13.6m and the wave period was 10.8 seconds. The first natural period was 5.1 seconds. They found natural periods and stiffness’s in good agreement with the calculations, but did not describe how the calculations were performed. It was a close to linear rotational stiffness, and with a limited energy loss. They calculate first and second order waves – with and without currents. Current measurements were not available. They had measurements on several locations on the jackup – and measure deck displacements and strain on the legs close to the spud cans. They assumed marine growth of 10 mm between +2m and –40m and 40mm under. The compared the standard deviations from the response calculated and measured. They found a ratio between measured and calculated displacements without current quasi static as 0.2 / 11.6 = 0.88, and for overturning moment as measured/calculated as 5956/5690= 1.05. For the total displacement without current they found a ratio between measured and calculated as 14.3/18.0= 0.79 and for overturning moment  for overturning moment a ratio between measured and calculated as = 8342/9175= 0.91. They had then adjusted the calculation, using fitted foundation stiffness from the measurements.

 

Morandi et al (1998) have also analyzed the West Epsilon data. They got a DAF of 1.1 on base shear and 1.28 on hull displacement from measurements. They used 12.5mm marine growth in the calculations. The analysis underestimated the response, if they did not increased the load caused by marine growth, anodes, caissons, jetting tubes and ladders. They had a spud can with 5m penetration. They got significant differences (underestimation) between the design calculation input, and the measurements. The CD was calculated according to SNAME. After adjusting up CD*De (drag factor*diameter), they achieved a reasonable match between measurements and calculations. Adjustments on CD*De of 9-39% gave a reasonable fit. There is a significant non conservative bias!

 

Sterndorff (1993) analysed Maersk Guardian data for the winter season 990/1991 at Ekofisk. He found a first natural period of 5.95 seconds in the largest storm. He found a DAF of 1.18 for the highest storm (12.12.1990) and DAF=2.26 for the February storm in 1991. 
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Figure 1: The dynamic amplification factor (DAF) for Maersk Guardian of Ekofisk 2/4-W in 1990-91 – according to Sterndorff (1993) and one point (pink) from Silver Pit according to Brekke et al (1990) - for OTM.
 

A comparison between the DAFs from SDOF-analysis and DAFs from the measurements are shown in figure 2. The SDOF-analysis gave a fair agreement with the measured values at moderate sea states. For the SDOF the measured damping has been used and Tz (= 0.92 * the peak period in the wave spectrum), and measured natural periods for different sea states. If Tp is used instead of Tz, the SDOF-values under predict the measurements, and the COV (measured versus calculation) becomes insignificantly less.
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Figure 2: A comparison of the “measured” dynamic amplification factor (DAF) for Maersk Guardian at Ekofisk 2/4-W in 1990-91 (according to Sterndorff, 1993 and one point from Silver Pit according to Brekke et al, 1990) for OTM, and the DAF calculated based on the SDOF-method and measured damping.

 

MSL (2002) have analysed measurements from Maersk Endurer in wave heights up to 11.6m. They have assumed a marine growth of 12.5mm in accordance to SNAME. The first natural periods were 5.1-5.7 seconds. They use the SNAME foundation stiffness calculation approach and calculated the expected largest response for ten sea states. They achieved an average for all sea states between measured values and calculated values of 0.81. The average COV in each sea state with respect to displacement was 21%. The calculated value is the average values of four simulations each lasting for 30 minutes. The measured value was the largest value during the 30 min period. The predictions of the largest value had a COV of 33% for the ten sea states. A comparison on the standard deviations gave significant lower standard deviations – 0.84 in bias and 21% in COV. 
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Figure 3: The natural period as a function of wave height on Maersk Endurer in 1998-1999 (according to MSL, 2002) and the natural periods of Maersk Guardian at 2/4-W as a function of the wave height (according to Sterndorff, 1993). The natural period increases on Endurer, but is constant for Guardian in the same wave range area. Maersk Endurer was on clay, while Maersk Guardian was on sand.

 

The statistical properties of the response in short term situations

 

The skewness coefficient describes the symmetry properties of the distribution. An increase of the coefficient indicates that the extremes are increasing. The distribution is symmetric if the skewness is zero. Positive values indicate a skew distributed to higher vales, and negative values indicate as skewed distributed to lower values.

 

The kurtosis coefficient describes the relation between small and large values in time period. An increase in the kurtosis coefficient indicates that the number of large values in the time period is increasing. For a Gaussian process the kurtosis coefficient is 3.0. Haver describes that an increase in the kurtosis from 3.0 to 3.1 in a wave measurement in one sea state increase the largest waves with 0.3 to 0.4m.

 

Spidsøe and Karunakaran (1989) define the skewness and the kurtosis coefficients as:

- skewness = m3 / ( m2)3/2
- kurtosis = m4 / (m2)2
where mi = the integral of dx from minus infinite to plus infinite of  ((x-xm)i ) *f(x). Where xm is the average value of x.

Haver (1992) has described the same as:

- skewness = m3 / s3
- kurtosis = m4 / s4
where m is the moment of the distribution and s is the standard deviation.

Stansberg use kurtosis as the kurtosis above minus 3.

 

Karunakaran et al (1997, 1998 and 1999) has analysed the measurements on West Epsilon 9.2. and 10.2.1996. It has been analysed in three storm situation with Hs of 9.0-9.3m. The largest wave was 13.6m and the wave period was 10.8 seconds. All the distribution functions demonstrate that a Rayleigh distribution underestimated the extremes in short term sea states. The underestimation is significant for extremes both for displacements and OTM. 

 

MSL (2002) has analysed measurements from Maersk Endurer in wave heights up to 11.6m on fast to stiff clay. It had significantly less calculated kurtosis than measured response. Kurtosis values of 3.8 to 9.8 were measured. MSL described kurtosis as a measure for if the inertia or the drag dominated the loading. They got significantly less standard deviations measured than for calculated response. The responses were non Gaussian, but MSL did not fit the data to other distributions. MSL indicate that the differences might be caused by wave spreading.

 

Hunt (1999) describes that an inertia dominated structure will have a kurtosis of 3 and a drag dominated structure a kurtosis of 11.67. He did not describe any further conditions to be satisfied. He might have assumed Gaussian sea and calculated the kurtosis for a drag dominated structure. Plotting the  kurtosis values for Maersk Endurer (MSL, 2000) versus Hs or Tp gave almost no correlation! The only reasonable correlation was between the kurtosis values versus COV for the horizontal displacements of the deck. This is not surprising!

 

Spidtsøe and Karunakaran (1993 with reference to Karunakaran, 1993) found skewness values of 0.99-1.75 for different parts of a jackup and kurtosis of 6.05-6.97. They also have an ”extreme value parameter” of 6.6-92 (= extreme value / standard deviation?). This was simulated values for different response values of a jackup (TPG 500).

Damping of jackups
 

The damping described here is Rayleigh damping in % of critical damping. Measured damping will include damping as structural damping, soil damping, hydrodynamic damping, damping from the jacking equipment. The measurements in it self does not separate the different contributions.

 

DNV (30.5, chapter 5.7.10) state that the damping can be:

 

	Structural damping
	1-3%

	Soil damping
	0-2%

	Hydrodynamic damping
	2-4%

	Total damping
	3-9%


 

Hambly mfl (1990) analysed Rowan Gorilla II at Arbroath in the North Sea at a water depth of 93m. The damping was 2% for low sea states and 5% for high. These numbers are based on the bandwidth of the response spectra at the peak value, and can be slightly high for high sea states since the band with is influenced by the natural period of the jackup. The natural period is changed from the sea state from 3.9 seconds to 4.4 seconds with large waves. The highest sea state measured was Hs=8m. An increase of the damping from 2% to 5% increase the maximum moment on the top of the leg with 2%.

 

Brekke et al (1990) found a best estimate of damping of 1.8-2.8% for Maersk Guardian with waves up to 7.5m at Silver Pit.
 

Brichmann and Brekke (1993) investigated the Maersk Guardian data for the winter of 1990/1991 at Ekofisk. The natural period for the jackup was 5-6 seconds, and the significant wave height was up to  11.7m. Individual waves were up to 22m. In the largest wave, the DAF was not more than 1.1. Sterndorff (1993) has done the same. He found the first natural period to be 5.95 seconds in the first storm. In appendix E he gave damping values, which I have plotted versus Hs (i meter) in figure 5. He gave damping values calculated as an average and as a standard deviation. The largest measured damping was 5.5% +/- 1.2% (one standard deviation).
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Figure 4: Damping in % for the three first natural periods of Maersk Guardian at location 2/4-W and Silver Pit plotted against Hs (in meters). The numbers are taken from Sterndorff (1993) and Brekke (1990). Sterndorff has for each damping value also calculated the average and the standard deviation, but the intervals are not shown here. 

 

Karunakaran et al (1998) analysed measurements from West Epsilon. It was equipped with skirts. It was analysed in three storms with HS of 9.0-9.3m. They found natural periods and stiffness in reasonable agreement with the calculations, but they did not describe the calculations as such. To fit the calculations with measurements they used 3.5% damping. For the following waves they used 4.5%. If they assumed no current 5.5% damping gave the best fit. No current measurements were available.

 

Morandi et al (1998) have also analysed the West Epsilon data and found a best fit with 5.5% damping. 

Ringing
 

Brichmann and Brekke (1993) investigated ringing on Maersk Guardian for the winter season 1990/1991 at Ekofisk. Several cases of transient response were observed. The sizes were however small, and of no importance neither for the ULS nor the FLS limit state controls. The natural period was 5-6 seconds, and the significant wave height up to 11.7m. Single waves were up to 22m. 

 

Spitsøe and Karunakaran (1997) demonstrate analytical that the effect of ringing might be as high as 40-60% of the total response for a jackup. However it is out of phase, appearing after the drag loading – creating insignificant contributions to the total load. 

Soil stiffness for spud cans

 

Temperton mfl (1999) analysed measurements for three North Sea jackups: Galaxy-1, Monitor and Magellan. They got data for five years for seven locations. The largest single wave was about 17m. They defined a static stiffness as = K / (K + E * I / L), where K is the rotational stiffness. They achieved stiffness of 45-90%. Using the formulas in SNAME the found values between 28 and 70%. SNAME gave systematically to low stiffness. 

 

They also defined a dynamic stiffness as:

 

= (fm2 – fp2) / (ff2-fp2) where f is the frequencies, with index m for measurements, p for calculated frequencies with pinned at the spud can, ff was the calculated natural period with fixation at the spud can. They found values of 30-90%. Varying stiffness was also found during individual storms. The same jackup also had variations dependent on the location. Higher fixations were obtained on sand than on clay.

 

Temperton mfl (1999) and MSL (2002) and summarized up as:

 

	Jackup
	Position
	Soil
	Water depth

(m)
	H-max

(m)
	Static fixation (%)
	Dynamic fixation (%)

	Maersk Guardian
	Silver Pit
	Sand
	70
	H=6
	98
	62

 

	Rowan Gorilla II
	Arbroath
	Sand above clay
	94
	H=14
	-
	30

	Kolskaya
	Hod
	Sand
	72
	H=21
	-
	12

	Galaxy-1
	Ranger
	Sand
	92
	H ca 8
	44
	50

	Galaxy-1
	Judy
	Silty sand
	75
	H ca 7,5
	28
	30

	Galaxy-1
	Shearwater
	clay
	89
	H ca 12
	70
	80-90

	Magellan
	North Everest
	clay
	89
	H=17,1
	66
	70-80

	Magellan
	Joanne
	Silty sand
	77
	H=16,4
	54
	60-70

	Monitor
	Joule
	Sand 
	28
	H ca 11
	32
	47-51

	Monitor
	Halley North
	Sand above silt
	84
	H ca 9
	54
	50

	Maersk Endurer
	Shearwater
	clay
	91
	Hs = 11,6
	-
	59


 

The reason for the low values at Kolskaya was a local failure in the soil during the storm, with settlements. 

 

Soil stiffness for skirted foundations

 

Karunakaran (1998) has analysed measurements from West Epsilon at Sleipner. It was bridge connected to a jacket structure and equipped with skirts. It was analysed for three storms with Hs of 9.0-9.3m. They found natural periods and stiffness in reasonable agreement with calculations. The soil stiffness was calibrated in the storm analysis to fit the measurements, and found to be 350 GNm/rad. The design stiffness was 310 GNm/rad at Hs = 15.5m and 420 GNm/rad for Hs = 5m.  Leland et al (1994) assumed that typical values for the stiffness should be 116 GNm/rad in ULS and 490 GNm/rad in FLS. The undrained shear strength was 60KPa in the surface layers. Bærheim (1993) found an initial stiffness of 300 GNm/rad for the same foundation, with a strong reduction as soon as the rotation increased. The initial vertical stiffness was 8,8GNm/rad.

 

The rotational stiffness for West Epsilon at Sleipner:

 

	Source
	FLS
	ULS

	Leland mfl (1994)
	490 GNm/rad
	116 GNm/rad

	Bærheim (1993)
	300 GNm/rad
	 

	Karunakaran (1998)
	420 GNm/rad
	310 GNm/rad

	“Measurements” (Karunakaran, 1998)
	350 GNm/rad
	 


 

The deviations between the numbers are significant, but might not be more than expected?

General conclusions

 

A fair amount of measurements on jack-up has been performed, and data are available to get an impression of their behaviour.  I have not access to the measured data itself, and have relied on the results presented by others. 

 

My summary of the measurements are: 

1. If the foundation stiffness is fitted to measurements, a fair fit is obtained between the expected behaviour and the observed behaviour. Roughly the fit for Maersk Endurer give about 20% over estimation, Maersk Guardian and West Epsilon have about 10% under estimation. This is actually based on a certain fitting to the measured data against the expected results. A blind test or a foundation value from a site specific analysis would have given other values. 

2. The responses of jackups have a COV in the order of magnitude of 20-30%, when comparing calculated values with measured values. The COVs are larger if comparing individual values than standard deviations.  The COV is in the same order of magnitude as for jacket-type structures. It indicates that the action factors should be in the same order of magnitude both for jackups and jackets to get the same safety level in storm conditions.

3. It is important to get marine growth, anodes and other secondary elements included in the load analysis. DNV-OS-C104 has no specific requirements to marine growth, but SNAME has.

4. The SDOF-method using Tz, give DAFs in the right order of magnitude for the FLS-analysis. For more severe sea states an underestimation of the response is expected using SDOF. The measured DAF in moderate sea states are significant. 

5. Several analyses demonstrate that damping have now major significant in high sea states, since the DAF is small. The damping is increasing on clay with the sea state. 

6. The foundation stiffness has been difficult to predict with a high accuracy both with spud can and with skirts. The formulas in SNAME give lower foundation stiffness than found from measurements, and could be used as a lower bound.  It is reasonable of DNV-OS-C104 to require an upper and lower bound analysis for the soil stiffness. 

7. The use of DNV-C104 may give some non conservative elements, but when not allowing neither for current blockage nor conductor shielding in the analysis, the balance may thou be restored. 
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