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average of the five relative errors is -0.5%. These confirm again the ability of the present 
model to reflect the basic characteristic of pullout capacity of the suction anchor in sand. 
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Fig. 7 Comparison with experimental results of Gao et al. (2013) 
 

5.3 Comparison with finite element analysis of Deng and Carter (2000) 
Finite element analysis was conducted by Deng and Carter (2000) to study the 

inclined uplift capacity of suction anchors in sand. The Mohr-Coulomb elastoplastic soil 

model was used in the numerical analysis. Values of   and 0K  were 32° and 0.8, 

respectively. The mooring angles of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80° and 90° 
were investigated. Based on the analysis, a simplified method was proposed for the 
estimation of inclined uplift capacity of suction anchors, in which two reduction factors 
were introduced. In order to satisfy the assumption in the present model that the 
external force is applied at the optimal attachment point of the anchor, only the case of 

/ 1.5H D   is selected in the comparative study. According to the earlier parametric 

study, 0.7   is used in the analytical model. Based on the work by Verruijt (2006), 

values of '  range in 3 3' 10.31 ~11.55kN m kN m   for dense sand, and then 
3' 10.93kN m   is used in the comparative study. The comparative results are 

presented in Fig. 8, in which the horizontal and vertical pullout capacities are normalized 
by the ultimate horizontal pullout capacity 

0H  and the ultimate vertical pullout capacity 

0V , respectively. 

It is observed that, the analytical predictions are relatively larger than the finite 
element results. Several reasons may lead to the divergences. On the one hand, two 
reduction factors were introduced by Deng and Carter (2000) to modify the finite 
element results. On the other hand, as seen from Fig. 8, the ratio of the maximum 

vertical pullout capacity ( maxV ) to the ultimate vertical pullout capacity ( 0V ) is 1.61 in the 

analytical predictions, while is 1.17 in the finite element results. It is noted that with 

almost same values of parameters in the case of Section 5.1, values of the ratio max 0/V V  

in the experimental data and in the analytical predictions are 1.41 and 1.68, respectively. 
Hence, it is reasonable to think that the finite element analysis produced relatively small 
results. 
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Fig. 8 Comparison with finite element results of Deng and Carter (2000) 
 

6. METHOD FOR PREDICTING THE OPTIMAL ATTACHMENT POINT 
 

As introduced earlier, experimental observation and numerical simulation have 
confirmed that, if the external force is applied at the optimal position of the attachment 
point of the suction anchor, the failure mode of the anchor is pure translation without 
rotation and the anchor possesses the maximum pullout capacity. Based on the 
knowledge of the optimal attachment point, a theoretical method is proposed in this 
section that can simply evaluate the optimal position of the attachment point of the 
suction anchor in sand. 

The mechanical model for predicting the location of the optimal attachment point is 

shown in Fig. 9, in which Point O denotes the optimal attachment point, aH  is the 

distance between the seafloor and Point O, l  is the distance between the seafloor and 

Point A, which is at the symmetrical axis (dashed line) of the anchor and at the depth of 
the centroid of the soil profile, and L  is the distance between the seafloor and Point B, 
which is the intersection of the applied mooring force and the symmetrical axis of the 

anchor. Considering that the end bearing bF  and the shear force sF  approximately 

pass through Point A, only aT  and botH  are considered in the resultant overturning 

moment. The location of the optimal attachment point can be calculated by making the 
resultant overturning moment to Point A equal zero, that is 

 

                                   0AM                                (10) 

 
Eq. (10) can be further written as 
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By utilizing the geometrical relationship between Point O and Point B, i.e., 

tan 2( )aL H D   , the location of the optimal attachment point can be expressed as 
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where 2 / 3pl H . 

Eq. (12) demonstrates that, the mooring angle   is the major factor that 
influences the location of the optimal attachment point. If the mooring angle is relatively 
large, the location of the optimal attachment point is near the top of the suction anchor. 
Contrarily, if the mooring angle is less than 45°, the optimal attachment point is in the 
range of 0.55-0.70 times of the insertion depth. These conclusions basically agree with 
the relative studies (Deng and Carter 2000, Bang et al. 2006b, Zeinoddini et al. 2010), in 
which the optimal attachment point is in the range of 0.60-0.80 times of the insertion 
depth. 
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Fig. 9 Mechanical model for predicting the optimal attachment point 
 
7. CONCLUSIONS 
 

In the present work, based on a rational mechanical model for suction anchors and 
the failure mechanism of the anchor in the seabed, an analytical model is developed 
which can predict the failure mode and ultimate pullout capacity of suction anchors in 
sand under inclined loading. 

An assumption is made in the present model that the external force is applied at 
the optimal position of the attachment point of the anchor, at which the maximum pullout 
capacity of the anchor can only be achieved and the failure mode of the anchor is pure 
translation without rotation. The least-force principle is regarded as the failure 
mechanism of suction anchors in the seabed. By using this principle, the failure angle 
and the ultimate pullout capacity can be obtained according to the analytical procedure, 
as introduced in detail in Section 3.2. 



Detailed parametric study is performed to explore the effects of different 
parameters on the failure mode and ultimate pullout capacity of suction anchors. The 
results show that the failure mode of the anchor can be easily judged according to the 
relation curve between the mooring angle   and the failure angle  . The anchor will 

fail in the horizontal direction if d  , in the vertical direction if u  , and in an 

inclined direction if d u    . d  decreases as the value of the parameters ( ,    

and /H D ) increases, while the influence of the parameters (   and 0K ) is not 

significant. With the increase of the parameters ( , 0K ,    and /H D ), the anchor 

tends to fail vertically at a smaller u , while u  increases as   increases.  

The ultimate pullout capacity is a monotonic function of the mooring angle. With 
increasing value of the mooring angle from 0° to 90°, the ultimate pullout capacity of the 
anchor decreases from the maximum to the minimum. With increasing value of the 
parameters, the ultimate pullout capacity of the anchor generally increases. The 
parameters ( ,  ,    and /H D ) have significant influence on the ultimate pullout 

capacity of the anchor, while the effect of 0K  is not evident. A significant phenomenon 

is observed in the present study, i.e., the relation curve between orH  and erV  exhibits a 

bump, which usually arises when the mooring angle is in the range (24, 30). This 
special phenomenon that only arises in sand for suction anchors has been confirmed by 
experimental observations. 

To examine the present analytical model, the results from experiments and finite 
element analysis are employed to compare with the theoretical predictions, and a 
general agreement is obtained. The present work demonstrates that the failure mode 
and pullout capacity of suction anchors in sand can be easily and reasonably predicted 
by the theoretical model, which might be a useful supplement to the experimental and 
numerical methods in analyzing the behavior of suction anchors. 

Being a necessary part of the present work, an analytical method is also proposed 
to predict the location of the optimal attachment point of suction anchors under various 
loading conditions. The results indicate that if the mooring angle is relatively large, the 
position of the optimal attachment point is near the top of the suction anchor. If the 
mooring angle is less than 45°, the optimal attachment point is in the range of 0.55-0.70 
times of the insertion depth of the anchor. These conclusions basically agree with the 
relative studies. 
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