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Abstract 
 
This paper presents the damage assessment of a free-fall dropped object on the seabed. The damage to a 

dropped object totally depends on the relationship between the impact energy and the soil strength at the mudline. 
In this study, unexpected dropping scenarios were first assumed by varying the relevant range of the impact veloc-
ity, structure geometry at the moment of impact, and soil strength profile along the penetration depth. Theoretical 
damage assessments were then undertaken for a free-fall dropping event with a fixed final embedment depth for 
the structure. This paper also describes the results of a three-dimensional large deformation finite element analysis 
undertaken for the purpose of validation. The analyses were carried out using the coupled Eulerian–Lagrangian 
approach, modifying the simple elastic-perfectly plastic Tresca soil model. The validation exercises for each 
dropping scenario showed good agreement, and the present numerical approach was capable of predicting the 
behavior of a free-fall dropped object. 
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1. Introduction  

Offshore operations and construction always include a large potential for dropped object events on the sub-

seabed or working deck of a mobile offshore drilling unit. The dropping accidents reported in the offshore 

field have been increasing annually. For example, nine dropped object notifications were received by the 

Australian National Offshore Petroleum Safety and Environmental Management Authority in the first quar-

ter of 2013. These dropped objects included sections of a drill, transportation pipe, casing, spool of wire 

rope, ROV, manifold, and BOP. On the rig floor, the weights and heights of the dropped objects ranged 

from 2 to 2,300 kg and from less than 1 m to 43 m (NOPSEMA, 2013). These falling events could lead to a 

serious loss of life and property. In a case where the dropped objects are sensitive electronic and mechanical 

equipment, the effects of the impulse and approach time should be examined to verify their integrity and 

serviceability after the drop event. 

To determine the expected behavior of objects falling through multi-phase media like water (fluid) and 
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sub-seabed (soil), the prediction of the dynamic variation during the free-fall in water and penetration of the 

soil requires reasonable falling and impact scenarios and accurate estimations of the drag coefficient and 

seabed characteristics. This paper proposes a simple analytical solution to obtain valid values for the impact 

pulse and energy dissipation. The hydrodynamic forces acting on dropping objects are identified using the 

drag coefficient. The slamming force, end-bearing, shaft friction, and drag force are included in the analyti-

cal approach to the soil penetration process of a dropped object after soil contact. The coupled Eulerian–

Lagrangian (CEL) method based on a three-dimensional large deformation finite element (LDFE) analysis is 

adopted to verify the proposed methodology. The purpose of this paper is a reasonable damage assessment 

of dropped equipment based on the measured water and penetration depths, and equipment specifications.  

2. Damage Assessment 

To make a rational decision about equipment recovery or disuse before an in-depth integrity investigation, 

a rough damage assessment should be performed to save time and effort. Fig. 1 presents the damage assess-

ment procedure for dropped equipment in an offshore operation, where dest and dmae are the analytically and 

numerically estimated embedment depth, and embedment depth measured on site, respectively. 

 

 

 
Fig. 1 Damage Assessment Procedure 
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3. Incident Identification 

The environments that could cause changes in the kinetic energy of dropping equipment should be identi-

fied based on the available information regarding the activities in the incident area. The falling and impact 

scenario is a complex dynamic, non-linear mechanism that involves numerous parameters. In short, the hy-

drodynamic responses from the seawater to the slamming effect on fully saturated subsea soil and the re-

sistance of the penetrating object according to the soil strength characteristic are important parameters. The 

external accident scenarios and potential physical relationships should be systematically identified and rea-

sonably simplified.  

3.1 Incident Scenario 

In order to achieve a valid damage assessment, the entire energy-gaining and energy-dissipation system 

should be reasonably evaluated. To simplify the accident environment, this paper assumes a circular cylin-

der as a dropped object, upper and lower bounds for the terminal velocity from the dropping position with 

sufficient water depth, seabed-soil showing a proportional increase in the undrained shear strength profile 

with depth, and a fixed final embedment depth. Following Figs. 2 and 3, a simplified scenario is summa-

rized for the falling position of the cylinder and the final embedment condition. The falling position is de-

termined by the terminal velocity and total kinetic energy. The specifications of dropped object are present-

ed in Table 1. 

 

 

                        
 (a) Vertical to Seabed  (b) Axis Parallel to Seabed 

 

Fig. 2 Dropping Position of Cylinder 

 

    
 

 (a) Front View (b) Side View 

 

Fig. 3 Final Embedment Condition 
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 Table 1. Specifications of Dropped Equipment 

(a) Dimensions 

Diameter, B Length, L Embedment Depth 

3 m 6 m 2 m 

(b) Submerged Conditions 

Weight, W Buoyancy Factor, BF 

981 kN 0.9 

 

3.2 Impact Velocity 

In order to define the impact velocity, two main hydrodynamic aspects should be discussed: the drag prob-

lem and directional stability problem (Fernandes, 2006). The impact velocity, in this step, implies the upper 

and lower boundaries. Thus, taking only the drag effect into consideration is conservative and simple for the 

impact velocity estimation. An anchor accelerates until the gravitational force balances the resistance forces 

created by the hydrodynamic effects. At this time, the falling object has reached its maximum kinetic energy 

and consequently its highest velocity, the terminal velocity (vt). Because the acceleration herein is zero, the 

terminal velocity is easily derived as in Eq. 2 using the drag force (Eq. 1). 
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where Fd is the drag force, ρw is the density of water, Cd is the drag coefficient, A is the projected area to 

flow, v is the velocity, m is the mass of the dropped object, and g is the gravity acceleration (9.81 m/s2).  

4. Evaluation of Soil Strength Profile 

Because the embedded depth of a dropped object is determined by the kinetic energy and strength of the 

soil, the prediction of the penetration depth of a falling object with a given soil strength profile has the same 

theoretical basis as the evaluation of the soil strength profile at a given (measured) embedment depth. There 

have been very few damage assessment investigations of dropped equipment in offshore operations. In a 

similar research field, there have been several studies on the dynamic installation of torpedo (freefall) an-

chors. These have mostly involved centrifuge and numerical modeling and a few field trials (Hossain, 2014). 

Fig. 4 shows a schematic of the embedment of a falling body into soil at terminal velocity vt. 

4.1 Modified Bearing Resistance Approach 

Like several similar studies on the dynamic installation of a freefall anchor, this study adopted the force 

equilibrium relation proposed by True (1974). It is chiefly based on Newtonian mechanics and assumes uni-

form clay. Several investigations have used similar approaches based on True’s model for freefall anchor 

installation (de Araujo, 2004; Brandão, 2006; Richardson, 2009; O’Loughlin, 2009, 2013; Hossain, 2014). A 

modified equation of motion is shown in Eq. (3). It includes the slamming phase into soil. 
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Fig. 4 Idealized Soil Strength Profile 

 

where z is the depth, t is the time, WL is the weight of the embedding object, Fs is the slamming force, Fds is 

the buoyant weight of the soil replaced by the body embedment, Rf is the shear strain rate function, Fb is the 

bearing resistance force, Ff is the frictional resistance force, and Fd is the drag force as defined in Eq. 1. The 

bearing and frictional resistance forces, and the shear strain function (O’Loughlin et al., 2013) are expressed 

in Eqs. 4–6, respectively. 
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where Nc is the bearing capacity factor, su is the undrained shear strength, α is the friction ratio, λ and β are 
the strain-rate parameters, g&  is the strain rate, and refg&  is the reference strain rate associated with the 

reference value of the undrained shear strength. The effective contact area, A, is defined as a projected area 

according to penetration depth. The main parameters identifying this fluid-structure-soil interaction are de-

scribed in Fig. 5.  

 

 

 

 

 

 

 

 

                 

 (a) Bearing / Frictional / Drag Force (b) Buoyant Force 

 

Fig. 5 Forces Acting on Penetrating Cylinder 
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Fig. 6 Slamming Force 

4.2 Slamming Effect 

Unlike the deep penetration of a freefall anchor, the slamming effect should be considered for an object 

penetration with a large projected area. The soil entry phase includes the slamming, which implies the im-

pact force between the body and the free surface. It can be associated with the incompressible media and, in 

the initial entry phase, the gravity and viscosity do not act on the impact body (Zhu, 2006; Larsen, 2013). 

Specifically in this study, an axis parallel cylinder (Fig. 3) is forced through an initially calm surface with 

velocity. The slamming force on a horizontal cylinder body is defined as Eq. (7). 

 

 2r=s s s iF C v R  (7) 

 

where ρs is the submerged density of the soil, Cs is the slamming coefficient, vi is the impact velocity, and 

R is the radius of the cylinder section. The slamming force is demonstrated in Fig. 6. 

4.3 Rough Estimation of Soil Strength Condition 

Young (1997) proposed an evaluation method for the penetration depth of a projectile with high velocity 

based on Newton’s approximation. It is fairly valuable in the rough estimation for every shaped body even 

though it is defined for a vertically penetrating cylinder with a cone tip shape. Furthermore, it shows good 

serviceability for various target materials, including soil, by the penetrability (S-number). Thus, Young’s 

penetrating equation can be inversely used for the soil strength estimation. Eqs. 8 and 9 and Table 2 demon-

strate how the penetration depth varies with the impact velocity and penetrability (S-number) 

 

 for  vi < 61 m/s  : 

 0.7 2 40.0008 ( / ) ln(1 2.15 10 )id SN m A v -= + ´  (8) 

 

 for  vi ≥ 61 m/s  : 

 0.70.000018 ( / ) ( 30.5)id SN m A v= -  (9) 

 

where S is the penetrability of the target material (S-number in Table 2), and N is the nose performance co-

efficient. 

5. Application for Damage Assessment 

Based on the methodology, theoretical approach, and specifications of the dropped object, as stated above, 

the damage assessment is carried out and validated by comparing the computed data in an analytical and 

numerical manner. This paper considers a circular cylinder horizontally embedded in non-homogeneous 

(strength increasing with depth) soil. The soil’s average effective unit weight is γ’. The dimensions and 

weight information are summarized in Table 1. 

 

  



204  Jonghwa Won, Youngho Kim, Jong-Sik Park, Hyo-dong Kang, YoungSeok Joo, and Mincheol Ryu 
 Journal of Advanced Research in Ocean Engineering 1(4) (2015) 198-210 

 

Table 2. Penetrability Values of Typical Soils (Young, 1997) 

S-Number Target Description 

2 - 4 Dense, Dry, Cemented Sand. Dry Caliche. Massive Gypsite 

and Selenite Deposits. 

4- 6 Gravel Deposits. Sand, without Cementation. Very Stiff and 

Dry Clay. 

6 – 9 Moderately Dense to Loose Sand, No Cementation, Water 

Content Not Important. 

8 – 10 Soil Fill Material, Compaction Dependent. 

5 – 10 Silt and Clay, Low to Medium Moisture Content, Stiff. Water 

Content Dominates Penetrability. 

10 - 20 Silt and Clay, Moist to Wet. Topsoil, Loose to Very Loose. 

20 – 30 Very Soft, Saturated Clay. Very Low Shear Strength. 

30 – Clay Marine Sediments 

 

5.1 Identification of In-fluid Properties and Characteristics 

The in-fluid properties of the soil and characteristics of the cylinder body are the dominant factors to de-

termine the impact (terminal) velocity, and hence the soil resistance. These include the drag coefficient for 

each dropping position (Fig. 2) and the slamming coefficient. In this paper, values of 0.85 and 0.376 (DNV, 

2011) are used for the drag coefficients Cd for a normal cylinder to flow (see Fig. 2(a)) and an axis parallel 

cylinder to flow (see Fig. 2(b)). From Eq. 2, terminal velocities of 17.85 m/s (upper boundary of impact 

energy) and 16.82 m/s (lower boundary of impact energy) can be derived for each normal and parallel cylin-

der, respectively. 

Zhu (2006) proposed the slamming coefficient and minimum grid size for a numerical analysis using a 

convergence study based on the constrained interpolation profile (CIP) method, as listed in Table 3. These 

proposed values are valid for a horizontally penetrating cylinder body. 

 

 Table 3. Slamming Coefficient for Horizontal Cylinder (Zhu, 2006) 

Slamming Coeffi-

cient, Cs 

Minimum Grid Size 

Δx/R Δy/R 

≈4.5 0.04 

 

 
Fig. 7 Minimum Grid Size for Numerical Analysis 
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 Table 4. Estimated Strength Profile 

Terminal Velocity, vt vt  = 17.85 m/s vt  = 16.81 m/s 

Inc. k Gradient 2% 5% 2% 5% 

Shear Strength 

at Mudline, sui 

74.7 

kPa 

73.5 

kPa 

55.5 

kPa 

54.5 

kPa 

5.2 Estimation of Soil Strength Profile 

As previously mentioned, this paper assumes a horizontally embedded circular cylinder as the penetrating 

object into non-homogeneous soil. In order to compute an impact impulse, the total energy and effective 

impact time (duration) should be derived. Based on the measured penetration depth of 2 m (see Table 1) and 

the impact velocity, the strength of the target seabed could be described as a clay marine sediment from the 

back-calculated S-number of Young’s penetration equation. 

The strength profile of the soil, initial undrained shear strength at the mudline sui, and gradient k may be 

estimated using the analytical bearing resistance method shown in Eq. 3. Since it is rated as a relatively high 

strength seabed soil from the rough estimation, the undrained shear strength profile is defined as Eq. 10 for 

the simple and quantitative estimation.  

 

 u uis s kz= +   (10) 

 

 for 2% increment of sui, 0.02u ui uis s s z= +   (10a) 

 

 for 5% increment of sui, 0.05u ui uis s s z= +   (10b) 

 

Table 4 summarizes the estimated soil strength properties for the numerical analysis.  

The analysis of the embedded cylindrical body in the assumed non-homogeneous clay, where the strength 

increases with depth, is completed under undrained conditions. A Poisson’s ratio of 0.49 and Young’s mod-

ulus of 500sui throughout the soil profile were defined under the elastic behavior field. A constant sub-

merged unit weight of 1.0 kN/m3 over the soil depth was adopted, with an interface friction ratio α = 0.7. 

Since the effective contact area is calculated by the projected area, 5.7 is adopted as the value of the bearing 

capacity factor, Nc. These material properties satisfy the penetration depth d = 2 m, with the obtained termi-

nal velocity in the modified bearing resistance relationship, Eq. (3). 

5.3 Details and Geometry of Numerical Analysis 

Three-dimensional large deformation finite element (LDFE) analyses were carried out using the coupled 

Eulerian–Lagrangian (CEL) approach in the commercial finite element analysis package ABAQUS/Explicit. 

To reduce the computational effort, the embedment of the cylindrical body was modeled from the soil sur-

face using a predefined impacting velocity vi.  

The soil domain was modeled as an elastic-perfectly plastic material with a Tresca yield criterion. In this 

paper, the strain-rate and strain-softening effects are not included. Considering the symmetry of the problem, 

only a quarter of the dropped body and soil domain is established. The analysis domain is extended laterally 

10D, and the height of the soil domain is around 7D. The use of a very short analysis time (t < 0.04 s) and 

shallow embedding depth ensures that the soil extensions are sufficiently large to avoid the boundary effect 

in the dynamic analyses. A generated mesh is shown in Fig. 8. The mesh comprises 8-node linear hexahe-

dral elements with reduced integration, and a fine mesh zone is generated in the area contacting the cylindri-

cal body. A 3-m-thick void (i.e., material free initially) layer is set above the soil surface (see Fig. 8(b)). It 

allows soil heaving by penetration. The dropped object was constrained as a rigid body. 
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(a) Plan View 

 

 
(b) Side View 

 

Fig. 8 Quarterly Symmetric Analysis Model 

5.4 Validation of Analytical Analysis 

An analytical method using Eq. 3 is introduced to identify the force equilibrium of a dropped object on the 

seabed and define the soil strength profile in terms of its impact velocity and embedment depth. This section 

particularly focuses on evaluating the validation and accuracy of the analytically derived soil strength char-

acteristics by comparing the embedment depth, consumed time for penetration, time-velocity and displace-

ment relations, and kinetic energy dissipation. 

Figs. 9, 11, and 12 show comparisons of the velocity decrement, embedment depth, and kinetic energy dis-

sipation to the penetrating time found using a numerical analysis and the theoretical approach (Eq. 3). These 

are separately described by the upper and lower boundaries of the kinetic energy for easier viewing, and 

differences in the impact (terminal) velocities are implied. The percentage number in the legend represents 

the ratio of the initial undrained shear strength sui and the gradient k, as defined in Eq. 10. 

In Fig. 9, the theoretically derived velocities over-estimate the decrement gradient. This can be attributed to 

deformation of the surrounding soil based on the elastic behavior. The velocity fluctuation in the upward 

direction may be the evidence of such a response. Fig. 10 shows the velocity resultant of the surrounding 

soil response at t = 0.12 s. 
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(a) Impact velocity, vi = 17.85 m/s 

 

 

(b) Impact velocity, vi = 16.81 m/s 

 

Fig. 9 Embedment Velocity 

 

The embedment depth for a falling object was proposed in the “incident scenario” section as the measured 

depth, d = 2 m. An analytical solution of the modified bearing resistance equation is adopted for the reverse-

calculation to estimate the soil strength characteristics at the site. The final embedment depth is assessed by 

determining the depth at which the object velocity becomes zero. Thus, in Fig. 11, the accuracy of the 

adopted analytical method is examined and shows good performance. The numerical results show a 7% 

larger embedment depth as a maximum. 

 

          

 (a) Plan view (b) Side view 

 

Fig. 10 Velocity Resultant (Numerical_upper 2%, t = 0.12 s) 
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 Table 5. Impact Impulse of Dropped Object 

Terminal Velocity, 

vt 

vt  = 17.85 m/s vt  = 16.81 m/s 

Numerical Analytical Numerical Analytical 

Penetration Time, tp 0.27 0.19 0.30 0.22 

Impact Impulse, I 

(kJ/s) 
60145.5 83837.8 44054.1 64277.9 

Conservative Esti-

mation 
39% 45% 

 

 

(a) Impact velocity, vi = 17.85 m/s 

 

 

(b) Impact velocity, vi = 16.81 m/s 

 

Fig. 11 Embedment Depth 

 

Since this paper aims to derive the impact impulse of a dropped object on the seabed with an unknown 

strength profile, a reasonably derived impacting time from the contact (v = vi) to stopping moment (v = 0) is 

a key practical factor. As shown in Figs. 9 and 11, a low estimation of the decrement slope of the velocity in 

the soil and the final embedment depth in the analytical results guarantee a conservative estimation and time 

consumption if the CEL method-based numerical analysis works well and reports precise values, as in sev-

eral previous studies (Richardson, 2009; O’Loughlin, 2009, 2013; Hossain, 2014).  
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(a) Impact velocity, vi = 17.85 m/s 

 

 

(b) Impact velocity, vi = 16.81 m/s 

 

Fig. 12 Kinetic Energy Dissipation 

 

In Fig. 12, the dissipation trends of the kinetic energy are demonstrated for this analysis system. The find-

ings of perfect dissipation points actually helps to define the time consumed for the impact. The impact im-

pulse is listed in Table 5. These physical quantities are derived from the relationship of I = Et / tp, and they 

could be used as the basis for a damage assessment of the dropped object. Here, I is the impact impulse on 

the dropped body, Et is the total energy, and tp is the penetration time. 

6. Concluding Remarks 

During any lifting operation in the offshore oil and gas industry, there is a large potential risk of missing 

and dropping objects, which can lead to a serious loss of life and property. Moreover, the equipment in the 

offshore industry often consists of high-priced materials, including drilling equipment, pipes, risers, and 

BOP. Thus, when they have been dropped on the sub-seabed, a reasonable examination to determine their 

integrity and serviceability is needed before recovery. In this paper, as a damage assessment of dropped 

objects, a modified bearing resistance model that considered the slamming effect was proposed, and an 

LDFE analysis was carried out for the purpose of validation. The following findings can be derived as the 

results of this study. 

 

1. The modified bearing resistance model (Eq. 3) proposed in this paper to evaluate an unknown soil 

strength profile showed a fairly precise performance with a 7% error in the embedment depth (Fig. 11) using 
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a 3D LDFE analysis. 

2. The penetration time tp at the point of perfect energy dissipation calculated using the proposed analysis 

method was under-estimated compared to the numerical results. This led to a conservative estimation of the 

damage to dropped equipment and guaranteed reasonable serviceability. 

The generation basis of the slamming and drag force at the soil surface may provide a more precise predic-

tion model for a damage assessment. 
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