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Abstract. Meeting the touchdown point (TDP) target box is one of the challenges during catenary riser
installation, especially for deep water or ultra-deep water riser systems. TDP location mismatch compared to
the design can result in variation of riser configuration, additional hang-off misalignment, and extra bending
loads going into the hang-off porch. A good understanding of the key installation parameters can help to
minimize this mismatch, and ensure that the riser global response meets the design criteria. This paper
focuses on investigating the potential factors that may affect the touchdown point location, and addressing
the challenges both in the design stage and during installation campaign. Conventionally, the vessel offset
and current are the most critical factors which may affect the TDP movement during installation. With the
offshore exploration going deeper and deeper in the sea (up to 10,000ft), other sources such as the seabed
slope and seabed soil stiffness are playing an important role as well. The impacts of potential sources are
quantified through case studies for steel catenary riser (SCR) and lazy wave steel catenary riser (LWSCR) in
deep water application. Investigations through both theoretical study and numerical validation are carried out.
Furthermore, design recommendations are provided during execution phase for the TDP mismatch condition
to ensure the integrity of the riser system.
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1. Introduction

Risers are among the most important components of offshore oil and gas platforms. Risers are
the conduits between the subsea wellhead and the drilling or production platform for development,
production, gas lift or water injection purposes. Catenary riser configuration is the most popular
riser configuration for deepwater oil production beyond 1000 meter water depth, either in pure
catenary shape or lazy wave catenary shape.

All global analyses for subsea risers in catenary shape are normally conducted for the designed
configuration (Yue et al. 2010, 2011, Santala et al. 2017). A target box of the touchdown point
(TDP) is typically specified for the subsea installation contractor to meet the tolerance of design
configuration during installation. Installation of catenary riser can be quite challenging and costly
(Antony et al. 2017). Hoffman et al. (2010) studied the many challenges in design and installation
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of the “worlds first” lazy wave SCR system. Thomas et al. (2010) also studied the challenges
during the installation of a steel lazy wave riser. However, it is one of the biggest challenges to
meet the TDP target box during catenary riser installation, especially for deep water or ultra-deep
water riser systems. Various factors can impact the riser configuration during riser installation
stage. It is very possible to miss the TDP target box during a severe environmental event, such as
loop currents.

Missing the TDP target box may result in unexpected system failure without further evaluation
of the new riser configuration. It is very important to find the source causing the TDP mismatch
and root out the permanent TDP mismatch, which may cause system failure. This paper focuses on
evaluating the potential sources for TDP mismatch through both theoretical study using catenary
equations and numerical validation using finite element software.

2. Catenary equation and typical catenary riser configurations
Though deepwater risers are usually made of steel and have very large bending stiffness, their
bending stiffness can be ignored when calculating the static configuration due to their large aspect

ratios. The static configuration of a steel catenary (SCR) riser can be simplified as the catenary
function shown in Fig.1 and Eq. (1).
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Fig. 1 Catenary equations
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S=atanf
x = aln(sec + tan9) 1)
y =asect

Where:
e S isthe arc length from the origin (0, a) to P1 (x, y).
e @ isdefined as the tangential slope angle at a point (P1).
e a is defined as the catenary shape parameter.

2.1 Catenary riser configuration

For a typical SCR configuration shown in Fig. 2, the hang-off angle (top departure angle) of
(90°- 6,) and the height (Y) between hang-off point and seabed are usually known. The TDP to
hang-off distance X is defined as the (X; — X,). Taking all the known parameters into equation 1,
the suspended length (S) and TDP to hang-Off horizontal distance (X) of SCR can be calculated by
solving the following equations (Singh and Bhatt 2010) assuming rigid seabed.

X=X -X,= a(ln(sec 0, + tan6;) — In(secH, + tan 92)) 2
Y=Y, —Y, =a(secH; —sech,)

where 6, is the seabed slope, can be positive and negative. It is 0 for flat seabed. Friction is
ignored in a sloped seabed condition.
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Fig. 2 Typical catenary riser configurations
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2.2 Lazy wave catenary riser configuration

The static behavior of a lazy wave riser was briefly studied by Li and Nyuen (2010), Wang et al.
(2013), and Queau et al. (2013). Li and Nyuen (2010) thoroughly introduced the catenary equation
and the static configuration of a lazy wave riser with flat seabed using Cartesian system. Wang et
al. (2013) proposed similar static configuration equations with flat seabed for LWSCR and
numerically implemented using MATLAB, while Queau et al. (2013) expanded the static
equations by including the flat seabed soil stiffness. In this paper, a much more simplified LWSCR
static configuration model (see Eq. (3)) is proposed using Whewell equations in Cartesian system
while also considering the seabed slope.

For a typical lazy wave SCR (LWSCR) configuration shown in Fig. 3, the static configuration
can be separated into three catenary sections:
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Fig. 3 Typical LWSCR configurations
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o Upper catenary section (S1): defined from hang-off to start of the buoyancy section. It is a

regular catenary function with a shifting of origin.

e Buoyancy catenary section (§2): defined from the start of buoyancy section to the end of

buoyancy section. It is an upside-down catenary function (due to uplift force direction) with
a shift of origin.

e Lower catenary section (53): defined from end of buoyancy section to TDP. It is the same

as a regular SCR.

Using three catenary functions, known parameters (such as hang-off angle, wet unit weight for
each section, hang-off height and lengths of the first two sections), balance of force at lift point
and drag point, the static configuration of a LWSCR can be calculated using the following set of
equations

( S; =a,(tan 6, —tan )

S, = a,(tanf, —tan 63)

S; = az(tanf; — tan 6,)

X a;tanf, myg +a,tanf, m,g =0 3
az (tan 63 — tan 8,) myg + a, tanf3m,g =0

Y = a,(secf, —sech,) + a,(secl, — secH3) + as(secH; — secH,)

X = a1(x(62) —x(61)) + az(x(03) — x(0,)) + az(x(63) — secb,)

where,

e 0,,0,,6; and 6, are the tangential angle at hang-off location, lift point, drag point and
TDP, respectively.

o §5,,5,,55are the arc lengths for upper, buoyancy and lower catenary section with a4, a,
and as as corresponding catenary shape parameters, m,,m, and ms as corresponding
wet unit weight, g as the gravitational acceleration. Usually m; = m3 and 6, = 0, hence,
a,=as.

e x(0) represents In(sec@ + tan @) +constant.

3. Critical factors for TDP locations

Based on the equations for SCR and LWSCR, other than installation errors, the critical factors
which can impact the TDP locations include vessel offset, bottom current during installation,
seabed properties, riser wet weight and buoyancy uplift.

3.1 Vessel offset

Vessel position has a large impact on the configuration of riser, thus on the TDP locations.
Vessel offset is usually controlled to be small during riser installation. However, under the
combined wind, current and wave loading, some vessel offsets are expected.

At a far vessel offset, the TDP will move away from the vessel while at a near offset, the TDP
will move towards the vessel. For lazy wave riser, the same amount of vessel offset will cause less
TDP movement than SCR due to the fact that the buoyancy arch section can compensate quite a lot
of vessel motion.
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Fig. 4 Variation of lazy wave configuration with vessel offsets (Li and Nyuen 2010)

3.2 Bottom current

The TDP location is typically not sensitive to current loading directly acting on riser itself,
especially if it is a near surface current. However, for bottom current, the impact on lower part of
the catenary shape can be significant. In addition, monitoring the direction and magnitude of
bottom current is much more difficult than surface current during riser installation. Ignoring the
impact of bottom current can also lead to TDP mismatch. For a lazy wave riser which has the
buoyancy section near bottom, the impact of bottom current can be significantly more pronounced
than SCRs.

3.3 Seabed properties

3.3.1 Seabed Slope/Profile

In riser analysis, for simplicity, a horizontal flat seabed is mostly assumed. However, in real
world the seabed profile from survey data can be very complicated, and the seabed slope can be
quite large. The configuration of lower part of catenary shape is controlled by the seabed
slope/profile, so the TDP location is largely impacted by the seabed slope/profile. Although seabed
survey is usually conducted before riser installation, the detailed profile at local riser touch down
zone is typically not considered in current industry practice for installation analysis, and can thus
lead to TDP location mismatch.
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Fig. 5 Pipe-soil interact schematic

3.3.2 Seabed stiffness

The seabed stiffness also impacts the TDP location, especially when the stiffness changes from
very high stiffness to very low stiffness. The stiffness is essentially affecting the tangential slope of
the TDP as shown in Fig. 5.

3.4 Riser wet weight and buoyancy uplift force

Riser wet weight is not included in the SCR catenary Egs. (1) and (2). Hence, it should not
impact the TDP location. On the other hand, the wet weight and buoyancy uplift force are included
in the LWSCR catenary Eq. (3). It is expected that TDP moves near to vessel when either
increasing the riser wet weight or reducing the buoyancy uplift force.

4. Numerical validation and discussion

To quantify the impact of each potential factor to the TDP location of catenary risers, numerical
validation using FEA software, OrcaFlex, is conducted for a generalized project with SCR and
LWSCR configuration options. The whole riser is modelled using beam element, and based on
previous study by Hu et al. (2014) the global response of the riser can be accurately captured by
this element type. For the case with vessel offsets, the suspended catenary lengths and
corresponding projected horizontal lengths from theoretical equations are also provided.

4.1 Numerical example and base configurations
A subsea riser attached to a semi-submersible platform is considered in this numerical study. A

10-in riser pipe is attached to a porch 125ft below waterline with 12° hang-off angle in an 8000 ft
water depth. More details can be found in Table 1.
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Table 1 Key parameters

Parameters

Values

Hang-Off Angle
Hang-Off Depth
Water Depth
Pipe OD
Straked Riser Mass
Straked Riser Wet Weight (Empty)
Straked Drag OD
Internal Fluid Density
Buoyed Riser Mass
Buoyancy Drag OD
Buoyed Riser Wet Weight

12°
-38.1m (-125 ft)
2438.4 m (8000 ft)
0.27305 m (10.75 in)
315.7 kg/m
151 kg/m (empty)
0.4493 m
600 kg/m®
882 kg/m
1.2m
-277 kg/m (empty)

Table 2 Base case parameter for catenary configurations

Parameters LWSCR
Hang-Off Tangent Angle, 6, -78°
Height, Y 2400.3 m (7875 ft) 2400.3 m (7875 ft)
Straked Riser Wet Weight 168 kg/m
(Filled with Operational Fluid), m;
Buoyed Riser Wet Weight -261 kg/m
(Filled with Operational Fluid) , m;
Upper Catenary Length, S1 2500 m
Buoyancy Section Length, S2 600 m
Seabed Slope Flat
Seabed Stiffness 400 kN/m/m 400 kN/m/m
Vessel Offset No
Bottom Current No
FlexJoint Stiffness See Fig. 6

Table 3 Catenary configurations

Parameters From Catenary Equations
Hang-Off Tangent Angle, 6, 78°
Height, Y 2400.3 m (7875 ft) 2400.3 m (7875 ft)
SCR, Total Suspended Length, S 2964.12 m
SCR, Horizontal Projected Length, X 1419.36 m
LWSCR, Total Suspended Length, S 3816.9 m
LWSCR, Horizontal Projected Length, X 2380.28 m

The base case parameters for catenary riser configurations are summarized in Table 2. It should
be noted that the strake riser wet weight, flexjoint stiffness and seabed stiffhess are not used in the
SCR catenary equation, while the latter two items are not used in LWSCR catenary equations.
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Fig. 7 Base configurations for SCR and LWSCR

The base configurations for SCR and LWSCR using the parameters in Table 2 are shown in
Fig.7. The total suspended lengths (S) and projected horizontal lengths (X) from FEA and catenary
equations are summarized in Table 3.

4.2 Vessel offsets

In the riser installation stage, the offshore platform can offset in the environmental direction
due to environmental loading. In this study, vessel offset in the near and far direction is considered
from -5% (Far) to +5% (Near) of water depth. These large offsets are set to study the impact of
vessel offsets on the TDP mismatch and should not be used as a reference to set the allowable
offset for installation criteria. The results from both FEA and equations are summarized in the
following table.
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Based on the results in Table 4, the SCR TDP positions from both FEA and equation calculation
move almost the same distance as vessel offset when vessel moves in near direction, while the
SCR TDP moves almost 1.5 times the vessel offset when vessel moves in far direction. On the
other hand, the TDP movement for LWSCR due to vessel offset is not as sensitive to the top vessel
offset as SCR due to the decoupling effect from the buoyancy section.

4.3 Bottom current

In-plane bottom current profile (see Fig. 8) is applied to the base configuration. The amplitude
varies from -100% to +100% with 20% increment. The TDP coordinates results are summarized in
Table 5, which indicate both riser systems are susceptible to bottom current. And their TDPs move
in the opposite direction when facing the same current. For this specific bottom current profile,
TDP of SCR configuration is more sensitive than LWSCR.

Table 4 TDP horizontal coordinates with various vessel offsets

Vessel Offset SCR, m LWSCR, m
FEA . Equations FEA - Equations
% of WD, 8000 ft FEA Change Equations Change FEA Change Equations Change
5% (-121.92m)  1592.43  172.87 1592.46 173.10 243550 52.98 2434.08 53.80
-4% (-97.54m)  1554.46  134.90 1554.91 135.55 242250 39.98 242154 41.26
-3% (-73.15m)  1518.48 98.92 1518.9 99.54 241151 28.99 2409.90 29.62
-2% (-48.77m) 148451 64.95 1484.35 64.99 2400.51 17.99 2399.24 18.96
-1% (-24.38 m)  1451.54 31.98 1451.19 31.83 2391.52 9 2389.40 9.12
0 1419.56 0 1419.36 0 2382.52 0 2380.28 0
+1% (+24.38m)  1389.59 -29.97 1388.81 -30.55 237452 -8 2371.82 -8.46
+2% (+48.77m)  1360.62 -58.94 1359.46 -59.90 2366.53 -15.99 2363.96 -16.32
+3% (+73.15m)  1332.64 -86.92 1331.28 -88.08 2359.53 -22.99 2356.65 -23.63
+4% (+97.54m)  1305.67  -113.89 1304.22 -115.14 235253 -29.99 2349.83 -30.45
+5% (+121.92m) 128169  -137.87 1278.22 -141.14 2346.54 -35.98 2343.49 -36.79
Table 5 TDP horizontal coordinates with various bottom currents
Bottom Current Speed, % SCR, m Change, m LWSCR, m Change, m
-100% 1383.60 -35.96 2394.53 12.01
-80% 1396.59 -22.97 2389.53 7.01
-60% 1406.58 -12.98 2386.52 4
-40% 1414.57 -4.99 2384.52 2
-20% 1418.57 -0.99 2382.52 0
No Current 1419.56 0.00 2382.52 0
20% 1421.56 2.00 2381.52 -1
40% 1425.56 6.00 2380.52 -2
60% 1432.55 12.99 2378.52 -4
80% 1442.54 22.98 2376.51 -6.01

100% 1454.53 34.97 2373.51 -9.01
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4.4 Seabed properties

4.4.1 Seabed slope

Seabed slopes from -4° to +4° with 1° increment are considered in the analysis. The results are
summarized in Table 6. The impact of seabed slope on the TDP locations are more severe in the
SCR configuration comparing to the LWSCR configuration. This can be explained as the vertical
length difference (SCR 7875 ft vs. LWSCR Lower 1241 ft) and hang-off tangential angle (SCR
78° vs. LWSCR Lower 55.6°) between SCR and the lower catenary of LWSCR. In another word,
for deeper water depths and larger hang-off tangential angles, the impact of the seabed slope will
be larger.

Table 6 TDP horizontal coordinates with various seabed slopes

Seabed Slope, ° SCR, m Change, m LWSCR, m Change, m

-4 1377.33 -42.23 2385.22 2.70
-3 1387.55 -32.01 2383.48 0.96
-2 1398.00 -21.56 2382.95 0.43
-1 1408.68 -10.88 2382.63 0.11
0 1419.56 0 2382.52 0

1 1430.66 11.10 2382.62 0.10
2 1441.94 22.38 2382.94 0.42
3 145241 32.85 2384.47 1.95
4 1464.05 44.49 2386.21 3.69
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Table 7 TDP horizontal coordinates with various seabed stiffnesses
Seabed Stiffness,

KN/m/m SCR, m Change, m LWSCR, m Change, m
50 1415.57 -3.99 2378.52 -4
100 1417.57 -1.99 2380.52 -2
200 1418.57 -0.99 2381.52 -1
400 1419.56 0 2382.52
800 1420.56 1 2383.52

1300 1421.56 2 2383.52

Table 8 TDP horizontal coordinates with various vessel offsets

Steel Mass SCR, m LWSCR, m
Sggts)%ol)\l/f:ss Steel Mass Change Steel Mass Change Buoy Mass Change
-5% 1420.57 1.01 2445.52 64 2486.50 104.98
-4% 1420.57 1.01 2431.52 50 2465.51 83.99
-3% 1420.57 1.01 2419.52 38 2445.52 64
-2% 1420.57 1.01 2405.52 24 2423.52 42
-1% 1419.57 0.01 2393.52 12 2403.52 22
0 1419.56 0 2381.52 0 2381.52 0
1% 1419.56 0 2369.52 -12 2361.52 -20
2% 1419.56 0 2359.52 -22 2339.52 -42
3% 1419.56 0 2349.52 -32 2319.52 -62
4% 1419.56 0 2339.52 -42 2299.52 -82
5% 1419.56 0 2329.52 -52 2279.52 -102

4.4.2 Seabed stiffness

Seabed stiffnesses from 50 KN/m/m to 1300 kN/m/m are considered in this study. The results of
the TDP coordinates are summarized in Table 7. The impact of seabed stiffness on TDP
coordinates is slightly more severe for SCR configuration than LWSCR configuration though both
are not that sensitive for analyzed cases. There is a trend that TDP locations are more sensitive
when the soil stiffness is smaller.

4.5 Riser wet weight and buoyancy uplift force

The changes of riser wet weight change and buoyancy uplift force are realized by changing the
steel pipe in-air mass and buoyed section in-air mass by -5% to +5% with 1% increment. The
results are summarized in Table 8. As predicted, there is almost no impact on SCR TDP location
when varying the steel mass. On the other hand, LWSCR is very sensitive to both the riser wet
weight and buoyancy uplift force change.
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4.6 Discussion of TDP mismatch impact on riser performance

The TDP displacement changes the riser configuration shapes, hence, it results in the variation
of the riser tension and bending moment, which impacts the riser strength responses and fatigue
performances. The temporary TDP displacements due to temporary offsets and bottom currents
during installation are not expected to have any long term strength and fatigue impacts. On the
other hand, the permanent platform offset or unaccounted seabed slope is expected to impact the
riser performances. The maximum touchdown zone (TDZ) API RP 2RD stress responses with
different vessel offsets for both SCR and LWSCR are summarized in Table 9.

For SCR, the observations are listed below:

The maximum TDZ stress increases with offsets in any direction from the riser configuration
with -1% WD offset.

The static stress range between +1% WD offset and -1% WD offset from the corresponding
vessel offset shows a similar trend: larger the corresponding offset, larger the static stress
range.

Though the SCR fatigue performance will be dependent on the dominant wave period, the
fatigue performance trend is generally following the same trend as the static stress range
does.

For the LWSCR configurations studied in this paper, the observations are listed below:

The maximum TDZ stress increases with larger near direction offsets and decreases with
larger far direction offset.

The static stress range between +1% WD offset and -1% WD offset from the corresponding
vessel offset shows a similar trend: larger the corresponding offset, larger the static stress
range.

It should be noted that the riser wave fatigue performances also depend on the initial LWSCR
configuration and dominant wave period. The trend of the static stress range variation can
only be treated as an indicator.

Table 9 Maximum TDZ API RP with various vessel offsets

API RP 2RD Stress - TDZ (MPa)

SCR LWSCR
Offset WD Maximum St;t;%;{gss Maximum Static Stress Range™”

-5% 77.76 - 76.01 -
-4% 76.89 -1.52 76.37 0.83
-3% 76.24 -1.05 76.85 1.05
-2% 75.84 -0.57 77.43 1.26
-1% 75.68 -0.09 78.11 1.46

0 75.75 0.41 78.89 1.65
+1% 76.08 0.92 79.76 1.82
+2% 76.67 1.45 80.71 1.99
+3% 77.53 2.00 81.75 2.16
+4% 78.67 1.65 82.87 2.32
+5% 79.18 - 84.07 -

@

Stress range is defined as the difference between +1% WD and -1% WD of current offset.
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5. Conclusions

Theoretical equations have been discussed for both SCR and LWSCR configurations.
Numerical validation has been conducted for the catenary riser configurations. Sensitivity studies
for each critical factor towards the TDP location of catenary riser are conducted to quantify their
impacts.

The key conclusions for SCR configuration are:

The TDP moves along with vessel offset: 1.5 times in the far direction and almost the same
length in the near direction.

The impact of bottom current on TDP location is not a linear effect. The larger the current,
the larger displacement the TDP will move.

Seabed slope has large impact on SCR TDP locations; Seabed stiffness can also impact the
TDP locations when large stiffhess is used while the measured results are very small.

Riser weight has negligible effect on SCR TDP locations.

The key conclusions for LWSCR configurations are:

The TDP moves along with vessel offset but not as sensitive as the SCR configuration
because the separation effect of buoyancy section: less than half of the vessel offset.

For the analyzed in-plane bottom current profile and LWSCR configuration, the TDP
location is not very sensitive. However, it can be more sensitive to variations of current
profiles or current directions.

Seabed slope and seabed stiffness has much smaller impact on LWSCR TDP location than
that of SCR.

The riser wet weight and buoyancy uplift force has very significant impact on LWSCR
configuration and its TDP locations.

A few recommendations based on the analysis are listed below:

If the key contributor to the TDP mismatch is vessel offset or current, no additional work is
needed for checking long term fatigue response of the riser because vessel offsets and
bottom currents normally occur as a short time event, and the TDP location will move back
to the designed location in the long term; However if vessel offset or current during
installation are severe enough to cause short term fatigue damage, fatigue damage during
installation needs to be checked. And if the installation fatigue is found to be significant or
exceeds the allowable budget set during the design, total combined fatigue damage needs to
be re-calculated. In that case, load sequence effects can play an important role. Yin et al.
(2014), Yin et al. (2010) studied the effect of load sequence effects in fatigue estimation in
variable amplitude loading.

In the global analysis for riser design, usually flat seabed is used. However, when creating
the general arrangement (GA) drawings, modeling the seabed profile and correct seabed
stiffness in the FEA are strongly recommended; If seabed stiffness for installation is not
available, the value used in the GA drawing model should be added as notes in the drawing.
If riser weight or buoyancy uplift force deviates from the design data after installation for
LWSCR configuration, re-evaluation of the fatigue response with the as-built configuration
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is strongly recommended since the lazy wave shape change can change the TDP fatigue
performance per Section 4.6.
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