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Highlights
•Novel flexible restraining system is proposed for dissipating ship energy using ship-independent moveable anchors. 
•Mathematical models of the proposal are used to predict ship and anchor responses. 
•Theoretical results are validated through comparison with model test measurements. 
•Effectiveness of restraining system is evaluated for a wide range of initial conditions. 
Abstract: A novel flexible restraining system is proposed to protect a waterway crossing road, a railway or a combined bridge when a powerless advancing ship approaches such a structure. Direct collision with principal bridge supports is not addressed under the assumption that the restraining system is located some distance upstream of the non-navigational bridge, assuming the ship cannot engage propulsive system in reverse to reduce the speed of ship advance. Ship-independent seabed-located gravity anchors are to be ultimately dragged to dissipate ship kinetic energy. A mathematical model of the proposed method of restraint is developed and the resulting movements of ship and anchors predicted for two distinct ship forms. These ships’ responses are investigated for initial ship velocity, angle of approach and point of contact with restraining cable of different investigated spans in the presence and absence of a current. The theoretical simulations agree reasonably well with the related model measurements given the existence of ship sway and yaw motions are not addressed. The results are sufficient to demonstrate the applicability of the proposed system. Predictions and observations suggest that the smaller the restraining cable span and the closer the ship is located to the anchors (initially vertically below the ends of the restraining cable) the more effective the retraining process. 
Keywords: Flexible ship restraining system; Energy dissipated by ship-independent anchors; Theoretical & experimental predictions; Ship transportation-bridge collision avoidance; Offshore Engineering  
1. Introduction
The rapid expansion of shipping industry and above waterway transportation bridges has led to an increasing number of ship-bridge collisions. Hence the phenomenon has received greater attention throughout the world in recent years [1-4]. Using response-spectrum analysis Cowan et al. [5] predicted the maximum values of the bridge response parameters due to barge impact. Getter et al. [6] provided an equivalent static analysis for barge collision with a bridge. Since significant differences exist between the bow and general geometric form of a barge and a ship, Fan et al. [7] proposed use of a nonlinear "macro-element". This element consisted of an elastic-plastic spring and a dashpot employed in parallel to determine the mechanical behavior of ship-bows. This approach used strain rate effects to assess the dynamic demands of bridge structure. Responses based on application of the nonlinear macro-element agreed with high resolution FEA model results, with the proposed element significantly improving efficiency and feasibility. 
Research has recently moved from the consideration of ship and piers impact [8, 9] to ship collision with other crashworthy devices [10-12]. Furthermore, flexible collision-prevention facilities are more favorable than rigid anti-collision devices that would damage both ship and the collision-prevention facilities. Through reduced scale tests Patsch et al. [13] demonstrated that a flexible pile-supported protective device readily absorbs impact energy through large deflection and yielding. Zhu et al. [14] carried out large-scale impact tests with different initial impact energies on a single pile to study the energy transfer mechanism. To avoid the complexity of conventional three-dimensional finite element analysis modeling, Zhu et al. proposed a simplified energy-based analysis method to estimate the lateral deflections of the protection system’s flexible piles. Comparison between their theoretical results and measurements indicated that the simplified analysis method was conservative. Fan and Yuan [15] included ship–structure–soil interactions in an analytical model with two-degrees-of-freedom together with high-resolution finite element modelling to compare the dynamic interaction process of pile-supported structures under ship collisions. It showed that the simpliﬁed model is reasonable and efﬁcient. 
Wang et al. [16] addressed a radically different flexible, energy-dissipating crash proof device consisting of a steel-wire-rope coiled between an outer and inner peripheral steel ring. The research demonstrated that the device can significantly reduce the peak impact force on the bridge and prolong the reaction time. A further study [17] illustrated the wave propagation and how the dynamic behavior of materials influence the impact force and energy transformation from an impact dynamics viewpoint. Qiu et al. [18] made a conceptual design of a large-scale marine protective device through simulation. Several key parameters considered included maximum impact force, energy dissipated by the ship and energy absorbed by the device. The device is primarily composed of a buoyancy tank to absorb and transfer the ship’s kinetic energy through large plastic deformation, damage, or friction occurring within itself and a ring beam structure designed to resist the impact force between ship and bridge pile caps. Thus energy absorption can be improved through either structure optimization or new sandwich panels; the sandwich panels providing the best anti-collision performance. 
Wu et al. [19] researched protection of a non-navigational bridge based on a string of surface buoys connected by cables. Each buoy was connected to a bottom slidable anchor. When the buoy arrangement was struck by a disabled ship its kinetic energy is dissipated through the movement of the anchors. Results generated demonstrated that the force between ship and the prevention system is less than other anti-collision devices. Hence ship damage can be reduced. Chen et al. [20] further studied the floating buoy blocking approach of [19] through consideration of the energy balance relationship in accordance with the conservation of energy and determination of forces within the continuously changing catenaries linking displaced buoys and their moving attached anchors. Chen et al. [21] then proposed the small balance method to determine buoy position and anchor movement changes through identification of the history of anchor chain forces arising from ship collision with floating buoy blocking system. Good agreement was established between predictions and model test values.   
In this paper, a new kind of flexible overhead ship restraining system is proposed to protect non-navigational bridges, that is, bridges exhibiting ship height restrictions, the region beyond the bridge being a restricted area per se or having water depth or mud characteristics hazardous to safe ship progress. The working principle of the proposed system is similar to earlier investigated floating buoy systems of [19-21], but the enhancement is achieved through removal of all floating buoys and one anchor located at each end of the restraining system. Feasibility of this ship retardation system is achieved through numerical solution of two theoretical formulations and comparison of predicted results with corresponding model test measurements. Transformation of model test measurements to full scale are undertaken. 
Section 2 presents the working principle of proposed ship restraining approach together with the equations associated with the underlying mechanics and kinetics. The determination of associated forces is addressed in Section 3, whereas Section 4 defines model test arrangements and test conditions. Comparative studies of theoretical and measured anchor movements are presented in Section 5. Scaling of generated results to full scale is discussed in Section 6. Section 7 provides conclusions and paper closure. 
2. Working principle and mathematical formulation of ship retardation system
The retardation system is concerned with preventing a powerless ship travelling into an expanse of water beyond a generally non-navigational bridge. The location of the retardation system should be upstream of the bridge at a distance comparable with the known maximum stopping distance of ships using the waterway. The proposed overhead retardation system is introduced with an explanation of the underlying principles necessary to formulate the mathematical model through consideration of associated mechanics, kinetics and energy. 
2.1 Working principle of the overhead retardation system
Depending on the total span of the bridge to be protected the retardation system may need one or more units. Each unit of the full scale overhead retardation system is composed of an upper, middle and bottom restraining cable strung between two support frames and linked by vertical connection cables as illustrated in Fig. 1. The upper restraining cable is linked at each end to a releasable anchor chain and anchor. Any ship making contact with upper, middle or bottom restraining cables instigates operation of the system. The gravity anchors and associated anchor chains are stored for release underneath the bearing platform which is fixed to the seabed or riverbed by penetrating piles. 


Fig. 1 Front elevation and plan of a single unit of overhead retardation system
When a ship impacts with the retardation system a secondary weak link connection at the top of each support frame fails and leads to the upper overhead net falling to the deck of the ship. Thereafter, the restraining cables, through slippage, will adjust to port or starboard in accordance with ship motions. The authors recognize that appropriate safety guidance addressing crew safety is required in this situation given cables are being dropped, as a result of ship-restraining net interaction, and there is a build-up of tension in the sliding restraining cable as the ship continues to advance. Here, without specific known guidance for the situation addressed, the authors simply assume that all crew remain within the ship given an emergency has arisen as a consequence of lost propulsion power. Once the ship has advanced so that the restraining cable begins to pull at the anchor chain, the metal pin supporting the anchor will be dislodged from the support frame and the anchor will drop to the seabed or riverbed. When the coupled restraining cables and anchor chains have become taught anchor dragging will commence and start to slow down ship speed of advance. Eventually, the ship will be stopped as a consequence of the drag forces induced by the friction between the anchors and the seabed or the riverbed. Furthermore, any currents flowing against the ship’s direction of travel will positively affect the process by working with the drag forces to halt ship advance. Currents flowing in the direction of ship travel will prevent the ship being stopped if the current forces are greater than the total drag forces. Clearly, sizing the anchor in terms of weight and contact area with the seabed needs to be selected to avoid this latter scenario; this process is not detailed here as it is a function of seabed characteristics and known local water flow rates. 
2.2 Related assumptions for modelling retardation process 
In the physical model testing and the associated mathematical simulations the middle and bottom restraining cables, and hence the connection cables, are not included. Thus a single rope represents the upper restraining cable and anchor chains to left and right anchors. The upper end of the anchor chains are therefore located at each end of the inactivated restraining cable. To facilitate comparison of predicted model scale behavior with experimental observations the following conditions and assumptions are made: 
(1) Wind & wave influences are not addressed. 
(2) The sliding friction coefficient of anchor and seabed or riverbed is assumed constant and equal to the maximum static friction coefficient. Within the model test program local variation of this coefficient was measured over a limited region of the tank bottom. A mean value of 0.45 was measured. Field values associated with a particular full scale installation of the proposed system would need to address local seabed or river bed variation. Here it is sufficient to recognise that bed roughness will change according to the bed materials involved, such as mud, rock, vegetation and solid or granular bottoms et cetera.
(3) Release of anchors from concrete support to tank bottom is not addressed in the numerical simulations. 
(4) The strength of ropes used to simulate the anchor chain and the restraining cable in the model test are strong enough not be broken. It is assumed there is no sliding between the ship model and the restraining cable when the model gravity anchors move. The rope and chains are treated as massless and inelastic in the theoretical modelling. 
(5) The physical ship model has port & starboard symmetry and there is no ship model rotation in yaw at the beginning of each test. The ship model center of gravity approximately coincides with the action point of the ship borne restraining cable. This is achieved in the experimental investigations by ensuring that a vertical plate located across the width of the deck of the ship model is responsible for triggering the restraining system. The extended vertical central axis of this plate passes through the ship center of gravity.  
(6) The energy dissipation at the moment of contact of ship and retardation net and the frictional work done by restraining cable moving on the ship model are ignored. 
(7) Current forces on the anchors, anchor linkages and restraining cable are considered negligible. 
Throughout the remainder of the paper ship model and model gravity anchor(s) will simply be referred to as ship and anchor(s). 
2.3 Mechanical analysis
The basis of the theoretical mechanical modelling is to match the physics of the experimental testing. Hence there are two distinct stages. 
In the first phase there will be some initial sliding between the ship and the restraining cable prior to the anchors beginning to move. The predominant force acting on the ship prior to anchor movement being initiated is the fluid force. Once the restraining cable is in tension the ship moves under the joint action of current force and tensile force of restraining cable and attached mooring lines.  
The ship is assumed to be advancing at a known heading relative to the vertical plane of the retardation system illustrated in Fig. 1. The Cartesian right-handed coordinate reference axes have their origin located on the flat horizontal seabed at the left gravity anchor with x-axis initially parallel to the restraining cable. The positive y-axis is parallel to the current direction and the z-axis points vertically upwards. Figure 2 provides definitions of: tensions on left and right restraining cable and  with transverse and longitudinal ship experienced fluid forces  and ; water (current) velocity ; ship velocity ; relative velocity  with components  and . The associated angles are defined as: angle subtended between the ship longitudinal forward axis and the positive x-axis is;  is angle between the negative direction of the x-axis and the projection of the left restraining cable force in the x-y plane;  is angle between positive direction of x-axis and the projection of the right restraining cable force in the x-y plane;  is angle between the relative velocity  and its constituent component . 


Fig. 2 Force and velocity components used in theoretical analysis 
From these definitions, one can deduce that the resulting x and y force equations required for the mechanics model are thus: 
	,
	(1)

	,
	(2)

	 and
	(3)

	
	(4)


The forces  and  denote frictional forces between the left and right anchor and the tank bottom. The angles  and  are subtended between the horizontal bottom x-y plane and the left and right model ropes (simulating chain at full scale) when the rope is fully extended. When the cable is relaxed the frictional terms  and  will be assigned zero values in the numerical simulations. The process for calculating the different forces is presented in Section 3. 
2.4 Kinetic analysis 
At time  the specific horizontal coordinates of the left and right anchors are () and (), whereas the center of gravity (CG) of the ship of mass  is denoted by (). The ship velocity is  with corresponding x & y components  & . Over a small time interval  the ship movements along the x & y axes are  & , whereas the new ship velocities are  &  and the new ship CG coordinates are (). At the same time, the horizontal coordinates of the anchors change to () & (). 
Consideration of the associated momentum changes within the context of Newton’s second law of motion means that the velocity changes and distances travelled by the ship satisfy:  
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Prior to the commencement of anchor movement there will be some sliding between the cable and the ship. To address this possibility one must consider the key geometric relationships illustrated in Fig. 3. 


      (a) Principal parameters illustrated                        (b) Plan view of ship and restraining system 
Fig. 3 Geometric relationships related to ship and anchor movements 
The principal parameters of Fig. 3 are defined next.  is the designated length of available chain on each side of the retardation system. The distance from collision position to the origin o is  and  is the overall length of the restraining cable. It follows that the rope length available to the left and right gravity anchors from the action point between the cable and the ship are respectively  & . As the ship continues to advance and there is slippage between rope and ship the point  will change and modify  & . Once the frictional forces  &  are present it follows (see Fig. 3(a)) that the projections on to the horizontal oxy bottom plane will be  &  respectively. Here  is the vertical distance from the anchor to contact point as defined in Fig. 3(a). During the phase-one analysis the distances  &  are used to determine whether the cable and mooring linkages have become taught. They essentially measure the projected distance between ship and anchors. They are determined in accordance with  & . Initially when the ship first causes release of the restraining cable then  and , upon treating rope contact point as being vertically above ship CG. 
In the first phase the restraining cable (with attached anchor chains to port and starboard) will slide across the ship as the ship continues to advance. At the beginning of phase 2 the restraining cable and anchor links will be taught and further ship movement will cause anchors to be dragged. Phase 2 calculations provide ship position relative to new anchor locations. 
Assuming the ship advances at the same initial speed in the same direction until restraining cable and anchor linkages are taught it is possible to provide lengths  &  from definitions of  &  and h in Fig. 3(a). These initial estimates are now utilized throughout phase 1 calculations. 
Since there is no anchor movement, Eqs. (1) & (2) are used subject to  and  being zero to provide change in velocities using Eqs. (5) & (6) and hence ship movements in elemental time interval  determined using Eqs. (7) & (8). Knowing the new position of the ship, the quantities  and  can be calculated as specified earlier together with  and  determined by applying one of the two following logical steps. 
The first logical step is: 
If  and , then  &  and hence  &  The alternative logical step is: 
If  and , then  &  and hence  &  
With  and  updated we repeat this process until the restraining cable and anchor linkages become taught. Once the anchors start to move, the movement relationship between the anchor and the ship is as illustrated in Fig. 3. 
Using superscript primes to indicate new coordinates of ship and anchors one can deduce from Fig. 3(a) the following geometric relationships associated with the left and right anchor movements  & : 
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From Fig. 3(b) we note that the total distance travelled by the left and right anchors are  & , whereas the paths of the left and right anchors are  and .  and  are respectively the total distance travelled and the ship path taken as a consequence of the impact of the restraining dynamics. These distinct quantities can be determined according to: 
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Here, () & () and () & () are the initial and final coordinates of the left and right anchor, whilst () is the coordinates of the stopped ship.    
Through the above mechanic and kinetic equations the state of anchors and ship after each time interval  can be readily determined subject to the initial coordinates of the ship and the anchors are provided with initial ship velocity conditions and appropriate specification of the involved different forces. This means that the status of ship and anchor at any time can be solved. 
As an alternative approach we next examine how the kinetic energy initially associated with the ship is dissipated during the constraining process instigated by engagement with the retardation system. 
2.5 Energy dissipation analysis
Treating the ship, restraining cables, anchor linkages and anchors as a whole system, then in the beginning, all associated velocities except that of the ship are zero. The kinetic energy of a ship in general is:
	
	(18)


Here,  is the moment of inertia of ship. Since ship yaw movement is not included in this study then ship angular velocity  is zero. 
During the time interval from the ship striking the restraining system and the ship stopping the total energy dissipated will match the work done in overcoming the anchor frictional forces and the water based resistance forces. That is, the energy dissipated at time t is equal to: 
	
	(19)


Where,  is the amount of kinetic energy dissipated over the time interval ;  is the work done by friction; is the work done by the fluid forces.  
The amount of energy dissipated during the time interval  is given by 
	. 
	(20)


Hence for each time interval  considered the different movements of ship and anchor are calculated together with the corresponding values of the associated forces. Hence  is to be evaluated and compared with the total initial ship KE specified in Eq. (18). When the difference between these two quantities is sufficiently small, within an acceptable numerical tolerance, the ship may be considered to have been stopped.
The analysis based on the mechanic and kinetic equations permits the distances travelled by ship and anchors to be determined. This is repeated until these distances are negligible and the ship may be considered stationary. Alternatively initial ship kinetic energy and energy dissipation during the restraining process may be used to identify when the ship has been stopped. The corresponding computer program block diagrams for each approach is presented in Fig. 4. Completion of the procedures for each approach requires specification of the associated force terms.


Fig. 4 Calculation flowchart for velocity reduction and energy dissipation approaches 
3. Specification of forces
The ship and the retardation system are considered as a single entity once the ship has struck the restraining cable. The movement of the ship is always affected by its water borne resistance and it may be affected by a current too. Once anchor movement has been initiated it is necessary to include the anchor resistive forces in the analysis. Anchor frictional forces and fluid resistance forces are addressed in turn next. 
3.1 Anchor generated frictional forces 
The frictional force  between anchor and flat horizontal seabed is the product of frictional factor  and the resultant normal reaction  on the seabed. That is, for an anchor of weight  and associated buoyancy ,  satisfies: 
	. 
	(21)



Here  is the gravitational acceleration of 9.8N/kg;  is the anchor mass;  is the density of sea water; is the anchor volume and  is the horizontal tension exerted by anchor chain as indicated in Fig. 5 (a). 


(a) Anchor on seabed					       		(b) Anchor on the tank bottom
Fig. 5 Realistic anchor arrangement and schematic anchor with pertinent forces indicated 
However, given the light ropes used to simulate combined restraining cable and anchor linkages in the experimental investigation, it is possible that an angle  will develop between the rope and the horizontal x-y plane presented in Fig. 5(b). In the experiment, the sliding friction forces between the anchor and the tank bottom must be revised as follows: 
	. 
	(22)


Here the subscript ‘0’ on previous variable definitions is dropped to indicate physical measured values. 
Minor rearrangement of Eq. (22) provides the frictional force for anchors 1 & 2 in the form: 
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subject to 
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3.2 Fluid induced resistance forces 
The fluid force acting on the hull consists of three parts: frictional drag, viscous pressure resistance and wave making resistance. For low-speed ship wave resistance is negligible whereas frictional resistance accounts for up to 80% of the whole resistance, while its viscous pressure resistance usually constitutes about 10%. Here, we assume the ship advances at speeds for which total force equates to frictional force. Referring to [22] the "Code for Loads of Port Engineering" the water borne fluid forces can be determined using: 
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 is the ship force coefficient associated with area , the ship underwater area projected onto the ship port-starboard symmetry plane;  is frictional resistance coefficient;  is frictional resistance compensation coefficient;  is the wetted surface area of ship. 
The 1957 International Towing Tank Conference (ITTC) frictional resistance coefficient [23] is:
	
	(29)


The Reynolds number of ship is 
	
	(30)


where L is the ship characteristic length and  is the temperature influenced water kinematic viscosity coefficient assigned the value  [24] for an assumed temperature of .
On the basis of the 14th ITTC held in 1975 [23], the frictional resistance compensation factor is 
	
	(31)


where  is the appropriate assigned characteristic roughness height [23].  
4. Experimental study 
The experimental study was undertaken in Jiangsu University of Science and Technology in a tank of dimensions 38m by 15m by 1.2m. Current flow is generated using four sets of bidirectional axial flow pumps; each is rated at 7.5kW. Model tank testing was carried out to investigate two ships of mass of 9,500 tonnes and 25,000 tonnes at a scale of 1:50. Hence model characteristics were respectively: L=2.39m, S=1.13m2,  & =76kg and L=3.02m, S=1.85m2,  & =200kg. In each study the water depth was 0.20m and the generated current velocity was 0.13m/s. Each anchor has a mass of 1.35kg and a volume of . 
The testing procedure has been implemented with 3 distinct arrangements of the structural supports for a single restraining cable. These arrangements are illustrated in Fig. 6(a), whereas Fig. 6(b) provides a sketch indicating anchor linkage to restraining cable and location of weak link designed to release restraining cable when ship makes contact with the retardation system. 


         
    (a) Different configurations of the restraining system      (b) Sketch of restraining cable support and designed weak point
Fig. 6 Sketches illustrating different aspects of restraining system
The experimental investigation consists of the following tasks: 
(1) To measure the frictional resistance coefficient  associated with a model anchor and the tank bottom, line tension was monitored whilst dragging the anchor along the tank bottom with the towing line making a negligible anglewith the tank bottom. The measured tensions varied between 3.31N & 3.61 N and hence the mean tension value of 3.46N was used to determine the frictional coefficient value given by:
	. 
	(32)


(2) The free-surface breaking structures illustrated in Fig. 6 (b) and Fig. 7(a) are equally spaced and sufficiently heavy to remain in position (without any fastening to the tank bottom) and readily support the open upper pyramid shaped steel framed structure to which restraining cable is attached by a weak link. 
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Fig. 7(a) Illustration of restraining system components    Fig. 7(b) Ship model towing arrangement to achieve impact speed
(3) The continuation of the rope treated as the restraining cable is linked to the left and right anchors located on the top of the structures in Fig. 6 (b). Once this rope has become taught the anchor will drop to the tank bottom close to the support structure. 
(4) The ship model is pulled through the water at a constant speed using the carriage of the longer neighbouring towing tank as illustrated in Fig. 7(b). This requires a cable to link ship model and carriage. Distance travelled by ship model, prior to interacting with retardation system, is sufficient to match acceleration stage of towing tank carriage to attain required set speed. The ship will collide with the restraining cable at different locations and angles along the cable. When the baffle on the ship touches the restraining cable the pulling action is immediately stopped. 
(5) As soon as the ship stops the distances the ship and each gravity anchor has travelled are measured. 
(6) The configurations illustrated in Fig. 6 (a) are identified in Table 1 in accordance with the overall span of the particular experimental arrangement. For each of the conditions stipulated in Table 1 the ship was pulled at constant velocity values of: 0.565m/s, 0.495m/s, 0.424m/s, 0.354m/s and 0.283m/s to collide with the restraining unit. 
Table 1 Experimental test conditions
	Test 
case
	Current velocity
(m/s)
	Unit 
span (m)
	Impact 
Angleº
	Ship model
 Mass (kg)
	Impact position
(m)

	1
	0.0
	8.0
	90
	76
	4.0

	2
	0.0
	8.0
	90
	76
	5.6

	3
	0.0
	8.0
	90
	76
	7.2

	4
	0.13
	8.0
	90
	76
	4.0

	5
	0.13
	8.0
	90
	76
	5.6

	6
	0.13
	8.0
	90
	76
	7.2

	7
	0.13
	4.8
	90
	76
	2.4

	8
	0.13
	4.8
	90
	200
	2.4

	9
	0.13
	4.8
	90
	76
	4.0

	10
	0.13
	4.8
	90
	200
	4.0

	11
	0.13
	2.4
	30
	76
	1.2

	12
	0.13
	2.4
	60
	76
	1.2

	13
	0.13
	2.4
	90
	76
	1.2

	14
	0.13
	2.4
	120
	76
	1.2

	15
	0.13
	2.4
	30
	200
	1.2

	16
	0.13
	2.4
	60
	200
	1.2

	17
	0.13
	2.4
	90
	200
	1.2

	18
	0.13
	2.4
	120
	200
	1.2

	19
	0.13
	2.4
	60
	76
	1.8

	20
	0.13
	2.4
	90
	76
	1.8

	21
	0.13
	2.4
	120
	76
	1.8

	22
	0.13
	2.4
	60
	200
	1.8

	23
	0.13
	2.4
	90
	200
	1.8

	24
	0.13
	2.4
	120
	200
	1.8


5. Comparison of numerical predictions and model test measurements 
To verify the feasibility of the two alternative calculation methods investigations are undertaken in accordance with the model test conditions of Table 1. 
The comparison of predicted and measured anchor movements will allow identification of the influence of (i) current, (ii) ship mass, (iii) ship impact angle, (iv) impact location , (v) variation of support span as a function of initial ship velocity. 
5.1 Effect of current flow 
Figures 8 and 9 provide distances travelled by anchors corresponding to the first 6 model test conditions and the lighter ship striking the retardation span of 8m (illustrated in Fig. 6 (a)). Figure 8 corresponds to no current and Fig. 9 addresses a current of 0.13m/s; each considers different impact locations. 

1

18

(a) Collision point at  						 (a) Collision point at 

 (b) Collision point at                           (b) Collision point at  

(c) Collision point at                           (c) Collision point at 
Fig. 8 Anchor movements in still water for cable span of 8m     Fig. 9 Anchor movements in a steady current for cable span of 8m
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Figures 8 & 9 demonstrate: 
(1) Anchor movement increases with initial ship velocity increases as expected. 
(2) Anchor movements are greater in the presence of a current in general. As the ship slows down the influence of the current becomes more significant and essentially provides a driving force longitudinally along the ship with a resistive side force. 
(3) As the collision position shifts to the right of center of the span so the right-hand anchor travels further than the left-hand anchor, although the sum of the distances travelled is essentially constant. The converse will occur if the ship contact position is moved to left of center.
(4) In Fig. 8 the calculated movements are bigger than the test values, whilst the converse occurs in Fig. 9. There are some identifiable factors that may explain this observation. The towing velocity of the ship over the towing stage may not be constant because of the mechanical towing system used. Actual ship model impact speed may be different to intended speed because of human reaction time between request for towing to cease and towing being discontinued. This factor is considered more dominant than measured frictional coefficient variation between 0.43 and 0.47. When a current is present the fluid-structure interaction is likely to be more complex than the ship hydrodynamic force model used. Furthermore there may be some differences between actual ship area characteristics and those specified in the numerical simulations. 
5.2 Effect of ship mass
Here each ship model is investigated in the presence of a current with test conditions echoing cases 7 to 10 of Table 1. The restraining system considered has a 4.8m span.

 (a) 76kg ship model                              (b) 200kg ship model  
Fig. 10 Collision in current for cable span of 4.8m at 

 (a) 76kg ship model                              (b) 200kg ship model 
Fig. 11 Collision in current for cable span of 4.8m at 
The horizontal distance between the initial locations of anchors is now smaller than the previous cases addressed. Comparison of Fig. 9(a) with Fig. 10(a) shows similar levels of agreement between measured and predicted anchor movements. The differences exhibited in Fig. 10(b) for the larger ship are smaller than in Fig. 10(a). However differences are in general smaller than for Figs. 8& 9. 
Whilst in Fig. 11 the contact point is off center the differences in travel of right and left anchors is consistent with observations associated with test cases 1 to 6. 
The calculated distances of anchor travel in both cases agree well with experimental measurements.
5.3 Effect of impact angle and system span
Figures 12 & 13 address Table 1 cases 11 to 14 & 15 to 18 respectively. The distances the anchors travel correspond to both ships striking the retardation system center with span of 2.4m in the presence of a current for the same range of differing ship angles and various earlier stated ship speeds. In addition to simulations based on momentum reduction the alternative kinetic energy dissipation calculations are compared with the observed movements. 
Both figures indicate that ship collision angle has little effect upon anchor behavior, however determined. Comparing Figs. 9(a), 10(a) & 12(c) for a perpendicular approach at span center for different spans indicates that span variation has little influence upon the anchor travel experienced.  


33

(a) Impact angle is 30 degrees                            (b) Impact angle is 60 degrees



(c) Impact angle is 90 degrees                            (d) Impact angle is 120 degrees
Fig. 12 76kg ship model collides at  for span of 2.4m with current
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(a) Impact angle is 30 degrees                             (b) Impact angle is 60 degrees


(c) Impact angle is 90 degrees                             (d) Impact angle is 120 degrees
Fig. 13 200kg ship model collides at  for span of 2.4m with current 
Figures 14 & 15 provide results corresponding to Figs. 12 & 13 for a ship contact point one quarter of the restraining system span of 2.4m to the right of center i.e. m as specified in cases 19 to 21 and 22 to 24 of Table 1. 
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(a) Impact angle is 60 degrees                           (a) Impact angle is 60 degrees  
[image: F:\投稿要求及相关文章\船舶撞击高架拦阻系统后重力锚的位移计算及与试验结果的比较\Matlab Displacements of anchors\计算结果-K1-速度分解-船模不转-160502修改版\Fig13(b).eps][image: F:\投稿要求及相关文章\船舶撞击高架拦阻系统后重力锚的位移计算及与试验结果的比较\Matlab Displacements of anchors\计算结果-K1-速度分解-船模不转-160502修改版\Fig14(b).eps]
(b) Impact angle is 90 degrees                           (b) Impact angle is 90 degrees  
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(c) Impact angle is 120 degree                           (c) Impact angle is 120 degree  

Fig. 14 76kg ship model collides at  for span of 2.4m with current 
Fig. 15 200kg ship model collides at  for span of 2.4m with current
The anchor characteristics shown in Figs. 14 & 15 are very similar to those of Figs. 12 & 13 and thus suggest that the collision position has little effect on the sum of the anchors movement.  
Figures 8 to 15 inclusive indicate that the majority of predictions demonstrate good agreement with experimental measurements. Differences that do exist are considered acceptable given the simplicity of the fluid-structure interaction modelling. To objectively quantify the differences between prediction & measurement the relative error (equal to ratio of prediction minus measurement and measured value) is expressed as a percentage in Fig. 16(a). 
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(a) Relative error range characteristics           	(b) Frequency of relative errors between 20%
Fig. 16 Percentage relative errors in anchor movement for different initial ship speeds 
Figure 16 (a) provides variation of relative error for different cases reported in cited figures. Furthermore, Fig. 16 (b) indicates as a percentage the number of positive and negative errors that are of the order of 20% as a function of forward speed of approach. For the slowest initial ship speed of 0.283m/s a larger number of errors exceeding 20% in modulus are observed in Figure 16 (b). It is likely that this situation arises as a consequence of uncertainty within initial test conditions. There is likely to be high variability within the observed anchor movements due to simple distance measurements. However, the agreement between the two theoretical approaches is essentially negligible. This coupled with a large number of good comparisons of theoretical and measured values support the feasibility of the two prediction methods presented in this paper. 
6. Conversion of model test results to full scale
The presented comparisons of predictions and measurements relate to reduced-scale model tests. To appreciate the full scale engineering implications conversion of the measured results to full scale is undertaken. Mass, volume, area and length transform according to geometric scale. Time scales as the square root of length scale. Hence model-scale to full scale quantities are transformed in accordance with Table 2. 
Table 2 Conversion of 1: S model characteristics to full scale values for S=50 
( 
	Item
	Units
	Scale rule
	Model Values
	Prototype Values

	Ship mass 
	kg
	 S3
	7.60101
	9.5106

	Ship mass 
	kg
	 S3
	2.00102
	2.5107

	Anchor mass 
	kg
	 S3
	1.35
	1.6875105

	Anchor volume
	m3
	 S3
	5.7010-4
	71.25

	Wet surface
	m2
	 S2
	1.13
	2825.0

	Wet surface
	m2
	 S2
	1.85
	4625.0

	Transverse area under water
	m2
	 S2
	0.23
	575.0

	Transverse area under water
	m2
	 S2
	0.41
	1025.0

	Characteristic length
	m
	S
	2.39
	119.5

	Characteristic length
	m
	S
	3.02
	151.0

	Retardation span 
	m
	S
	2.40
	120.0

	Retardation span
	m
	S
	4.80
	240.0

	Retardation span
	m
	S
	8.00
	400.0

	Vertical distance from baffle to anchor
	m
	S
	0.45
	22.5

	Anchor chain length
	m
	S
	0.50
	25.0

	Current velocity
	m/s
	 S1/2
	0.13
	0.919

	Initial velocity
	m/s
	 S1/2
	0.283
	2.001

	Initial velocity
	m/s
	 S1/2
	0.354
	2.503

	Initial velocity
	m/s
	 S1/2
	0.424
	2.998

	Initial velocity
	m/s
	 S1/2
	0.495
	3.500

	Initial velocity
	m/s
	 S1/2
	0.565
	3.995


Based on the full scale parameter values the distance travelled by the lighter ship interacting with a retardation system of various spans is presented in Fig. 17. Figure 17 corresponds to the lighter ship striking the center of each full scale span and compares distances travelled by the ship in a current. Clearly ship distance travelled increases with increasing initial ship velocity and retardation system span. Clearly as restraining cable span increases so the time taken for cable and anchor linkages to become taught increases. 
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Fig. 17 Ship movements in a current for a ship of mass 9500t approaching head-on a restraining system of differing span 
Fig. 18 Ship movements in a current for a ship of mass 9500t approaching head-on a 400m restraining system at different locations

[bookmark: _GoBack]Figure 18 illustrates the influence of current and collision location upon distance ship travelled for a restraining cable of 400m span. As the collision point moves from span center towards the right hand end of the restraining cable so the ship distance travelled reduces in a nonlinear manner. Figure 19 provides comparisons of ship travel distances in the absence of a current. The measured distances are smaller than the predicted distances travelled. These observations may be attributed to two aspects. There is the possibility of experimental measurement error and there is the level of sophistication in the theoretical approach. Communication between the tanks to stop towing could lead to initial speed errors as a consequence of operator reaction time. Uniform current generation is not considered inaccurate. The frictional forces assumed constant in the theory have a small range of measured values in scaled model tests. Advancement of a ship in otherwise calm water is usually addressed in terms of frictional and wave-making resistance. Frictional resistance is addressed using the standard ITTC recommendations, whereas wave making resistance, usually based on thin-ship theory, has not been addressed. So there is room for future increased sophistication within the theoretical model. 
Comparing Fig. 18 with Fig. 19 clearly indicates the influence of current upon ship distance travelled. The current in line with ship velocity will make the ship travel further (as verified by calculation). 
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Fig. 19 Ship movements in otherwise still water for a ship of mass 9500t approaching head-on a 400m restraining system at different locations  
Fig. 20 Ship movements in a current for a ship of mass 9500t approaching a 120m restraining system at different angles at the location 
Reverting to the smaller full scale span, Figs. 20 & 21 illustrate that ship distance travelled increases with increasing ship mass for a collision point 30m off center with varying angles of approach. Furthermore, for the collision angle of 60o the ship heading is towards the right hand edge of the restraining cable and this has the effect of making the ship travel a shorter distance than for the approach angles of 90o & 120o; that is the restraining cable appears to be more effective for the more acute angle associated with the approach of the ship.  
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Fig. 21 Ship movements in a current for a ship of mass 25000t approaching a 120m restraining system at different angles at the location  

7. Conclusions
In this paper, anchor and ship excursions are determined theoretically and by physical observation at model scale for a ship colliding with an overhead ‘restraining system’. Predictions based on reduced initial momentum and kinetic energy dissipation are compared with physical measurements of anchor and ship distances travelled for different spans, varying ship mass and speed for a range of collision points and angles of ship approach.
The principal findings of this study are: 
(1)	The presence of current influences ship and anchor movements. If the current and ship heading are aligned both ship and anchor movements increase.  
(2)	Irrespective of ship approach both ship and anchor movements increase with ship mass and initial ship velocity.  
(3)	When the ship approaches the system perpendicularly to the restraining cable, span has little effect on anchor movement, although the ship distance travelled decreases with reduction of system span. 
(4)  The angle of approach of the ship has little influence on anchor movement. The closer the ship impact position is to either end of the retardation system and for an approach angle perpendicular to the retardation system the shorter the distance travelled by the anchor located furthest from the impact position. 
(5) The total ship distance travelled reduces as point of ship contact approaches either end point of the retardation system.
Due to the complexity of the interaction system the present reported investigation is limited to the restricted conditions set out in Section 2.2. Further research is required to include theoretical incident wave loading of ship and possibly wave–current interaction effects together with a more extensive experimental investigation.
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 Nomenclature
	
	ship underwater area projected onto port-starboard symmetry plane, m2

	
	anchor buoyancy at full scale, N 

	,
	frictional resistance coefficient and frictional resistance compensation coefficient 

	
	athwart ship force coefficient 

	,,
	used to determine when anchor dragging commences; they are projections of distances from ship to left and right anchors, m

	,
	left and right anchor movements during one time interval , m 

	,
	ship movement along the x & y axes during a small time interval , m

	,
	total left and right anchor movements when ship has been stopped, m

	,
	lengths of path of left and right anchors when ship has been stopped, m

	,
	total distance travelled and ship path during ship stopping process, m

	
	frictional force between anchor and tank bottom, N

	
	frictional force between anchor and flat horizontal seabed, N 

	,
	frictional forces respectively between left and right anchor and tank bottom, N 

	
	horizontal tension exerted by anchor chain, N

	,
	tensions on left and right restraining cable, N  

	
	anchor buoyancy at model scale, N 

	,
	resultant force of ship in x and y directions, N

	,
	transverse and longitudinal fluid forces acting on ship, N 

	
	gravitational acceleration, m/s2

	
	anchor weight at model scale, N

	
	anchor weight at full scale, N

	
	vertical distance from anchor to restraining cable contact point, m

	
	moment of inertia of ship, kgm2

	
	characteristic roughness height, m 

	,
	projections of , on horizontal oxy bottom plane, m 

	
	characteristic length of ship, m

	,
	rope length from left and right anchor to action point between cable and ship respectively, m 

	
	length of restraining cable, m

	
	designated length of available chain on each side of restraining system, m

	
	mass of ship, kg 

	
	mass of anchor at full scale, kg

	
	mass of anchor at model scale, kg 

	
	Reynolds number 

	
	wetted surface area of ship, m 

	
	time, s

	
	resultant normal force on anchor, N

	
	amount of kinetic energy dissipated over time interval , J 

	
	kinetic energy of ship, J 

	
	relative velocity between water and ship at time t, m/s

	
	ship velocity at time t, m/s

	
	water (current) velocity, m/s  

	,
	components of  along x-axis and y-axis, m/s

	,
	ship velocities along x-axis and y-axis after one time interval , m/s

	,
	transverse and longitudinal components of  relative to ship longitudinal forward axis, m/s

	
	anchor volume at model scale, m3

	
	anchor volume at full scale, m3

	
	work done by friction, J

	
	work done by fluid forces, J

	
	horizontal coordinates of left anchor at time t, m

	
	horizontal coordinates of right anchor at time t, m

	
	initial horizontal coordinates of left anchor, m 

	
	initial horizontal coordinates of right anchor, m 

	
	new horizontal coordinates of left anchor after one time interval , m

	
	new horizontal coordinates of right anchor after one time interval , m

	
	distance from collision position to origin , m 

	
	center of gravity of ship coordinates at time t, m

	
	final coordinates of left anchor, m

	
	final coordinates of right anchor, m

	
	final coordinates of stopped ship, m 

	
	new coordinates of ship CG after one time interval, m 

	
	

	
	angle between ship longitudinal forward axis and positive x-axis, rad  

	
	angle between negative direction of x-axis and projection of left restraining cable force in x-y plane, rad  

	
	angle between positive direction of x-axis and projection of right restraining cable force in x-y plane, rad  

	
	time interval, s 

	,
	angles between horizontal bottom x-y plane and left and right model ropes when rope is fully extended, rad

	
	angle between relative velocity  and its constituent component , rad

	
	frictional coefficient of tank bottom

	
	frictional coefficient of seabed

	
	water kinematic viscosity coefficient, m2/s 

	
	density of water, kg/m3 

	
	density of sea water, kg/m3

	
	yaw angular velocity of ship, rad/s
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logical statements until anchor movement initiated.
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through application of Equations (5) to (8) & (9) to (14).  

For Mechanical-Kinetic approach: Is the ship velocity in 

y direction (based on Equation (6)) zero ?
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dissipated energy so far (based on Equations (19) and 
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Determine the ship velocities in x and y directions after a short time period ∆t together with new locations of ship using Equations (5) to (8).
If addressing sliding of cable over the ship apply stated logical statements until anchor movement initiated.
Thereafter ship & anchor movements determined through application of Equations (5) to (8) & (9) to (14).  


For Mechanical-Kinetic approach: Is the ship velocity in y direction (based on Equation (6)) zero ?
For Kinetic Energy Dissipation approach:Does the dissipated energy so far (based on Equations (19) and (20)) equal the initial ship kinetic energy?


Output the movements of ship and anchor using Equations (15) to (17).
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Input parameters of ship mass and ship wetted surface area & underwater athwart projected area, anchor mass and volume, initial speed of ship, impact position, coordinates of anchors et al.


Decompose initial ship speed into components along the x- & y-axes.  


Calculate the forces acting on ship in x and y directions according to Equations (1) to (4) & (23) to (31).
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