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A B S T R A C T   

Recurrent impact protection devices usually need to dissipate large amounts of energy to prevent damage to the 
infrastructure they protect and to make efficient use of them. This requires that protection devices consider some 
type of damping and have some mechanism to recover their original form. In this study a novel device is pro-
posed, capable of absorbing a large part of the energy imposed by impact loads and recovering its original form 
autonomously. The device proposed in this article is composed of rigid parts with articulated joints, an elastic 
element that allows the recovery of its shape and an element that dissipates energy by friction. The necessary 
equations were developed to describe the non-linear behavior of the device and parametric simulations of the 
proposed model were performed to describe the dynamic interaction between the device and a mass that impacts. 
Additionally, a scale model of the device was constructed to be experimentally tested, which allowed to verify 
the effectiveness in the dissipation of energy, the reduction in the force transmitted to the support structures and 
the decrease in the rebound speed of the impacting mass. An error parameter was defined for a load-unload cycle 
between experimental results and analytical calculations. The error considers both the impact force and the 
dissipated energy, obtaining values of up to 6%. The energy absorption capacity of the device –between 83% and 
93% of the impact energy– was verified experimentally, as well as the reduction of the impact speed –between 
91% and 96%–.   

1. Introduction 

An impact load that acts on structure has a dynamic amplification 
effect that depends on the mass, damping and stiffness of the structure 
and the object that imposes the load. The dynamic load amplification 
factor changes depending on the relative values between the afore-
mentioned parameters [1]. In relation to the above, a shock absorber for 
impact loads corresponds to a link element between an object that im-
poses the load and the structure that receives it, forming part of the first 
or the second. Its purpose is to reduce the dynamic amplification factor 
of the load by modifying the stiffness and damping of the structure that 
receives the impact at the point of interaction with the object that im-
poses said load [2]. Depending on the type of structure, type of impact 
load and specific use, together with reducing the dynamic amplification 
factor it may be desirable to reduce the restoring force generated by the 
shock absorber, if exist. The latter is the case of the ship-dock interaction 

in the docking process [3]. 
There are several types of devices created to fulfill the function of 

shock absorber for impact loads [4–6]. Differences among them are 
mostly related to the way the kinetic energy is absorved and/or dissi-
pated by the device [7]. Regularly, devices capable of absorbing the 
energy, like elastic strings or compressible fluids, are more reversible 
than those focused on disippating the energy by plastic deformation or 
heat. Scientific research in this regard seeks to improve the performance 
of existing shock absorbers, modify them for new uses and create new 
devices for specific purposes. The principles used to provide the stiffness 
and damping necessary to reduce the dynamic amplification factor of 
the loads are diverse. An example of the above is the concrete barrier 
used as a road barrier that fragments due to collisions generating energy 
dissipation due to damage. Recent studies propose strategies to reduce 
fragmentation in that barrier by incorporating a new concrete barrier 
model with shock absorbers [8]. Another example is the car bumper 
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beam which, in low-impact collisions, flexes and dissipate energy by 
creep of the metal [9]. This element in major collisions can reach its 
maximum deformation dissipating more energy, but with a risk of 
reaching breakage [10]. 

Friction energy dissipaters are considered as one of the most efficient 
and economic energy dissipation systems [11]. Frictional dampers 
dissipate the energy through frictional sliding between two or more el-
ements. This kind of device enhanced reliability compared with other 
types of dampers [12,13]. Typical frictional dampers are not signifi-
cantly affected by the amplitude of load, frequency or number of ap-
plications [14]. Further, because of their ability to produce quasi- 
rectangular hysteresis loops, they can dissipate large amount of energy 
on each load-unload cycle [15]. In current practice, frictional dampers 
are mainly used in buildings for vibration control and reduction of the 
overall structure response [13,16–18], or improving the performance of 
more specific parts of it like beam-to-column joints [19] and structure- 
cladding interaction [6]. Also known are shock absorbing devices 
based on friction dissipation for bumper applications and vertical shock 
absorbers of vehicles [20,21], vibrating equipment, among others, such 
as those proposed by Lorenz [22]. A novel approach corresponds to 
devices designed to sustain impact loads over structures, strengthening 
and improving the performance on the structural joint through dissi-
pative beam-to-column connection, called Sliding Hinge Joint (SHJ) 
[23–26]. These devices dissipate energy through friction and concen-
trate the impact’s damage on specific parts of the joint. 

A different problem of shock absorbers is their self-centering ability 
after been impacted. In recent decades, more and more research has 
been done on the self-centering capacity of shock absorbers. Regularly 
this ability is heavily reduced by the impact force excerted by the object 
in movement [5]. Therefore, self-centering energy dissipation devices 
designed to sustain large impact forces usually are not compact and very 
costly [18]. The exception of the rule is the so called “self-centering 
bracing systems”, like those proposed by Erochko [27]; Chou et al. [28] 
and Xu et al. [5]. Other authors have applied the self-centering capa-
bility in combination with a kinematic amplification system [29] or with 
magnets and rubber springs [30]. 

Most of the frictional dampers available in the public literature work 
on the same plane of the main impact force, mainly to reduce the size of 
the device and to avoid movable parts, as it is showed on Mirtaheri et al. 
[31]; Wang et al. [13], Westenenk et al. [18], and many others. How-
ever, that configuration makes more difficult to find a proportional 
dissipative mechanism relative to the impact force, reducing the flexi-
bility of the device and increasing the problem to develop the self- 
centering capability. 

Port defenses work as shock absorbers for impact loads allowing the 
dock to adequately resist docking loads and port-ship interaction due to 
sea waves and wind [2,32]. Its proper functioning is essential for the 
global and national economy since ports handle more than 80% of the 
volume of world trade and more than two thirds of its value [33–35]. 

There are different types of port defenses such as: pile systems, 
rubber buckling columns, pneumatic defenses and variations thereof, 
hydro-pneumatic defenses, etc. Pile systems dissipate energy by bending 
and compression, which depends on their size and materiality [36]. 
Rubber buckling columns have limited use when docking ships of similar 
hull configurations, usually in commercial facilities. Pneumatic fender 
systems absorb energy by the compression of the air inside a rubber 
element. Hydro-pneumatic defenses are a variation of the pneumatic 
defense system, they are filled with foam and held in a vertical position 
by chains; the pressure to which the helmet is subjected can be 
controlled by adjusting the internal pressure of the devices [37]. 

There are unsolved problems in port defense systems today, such is 
the case of the movement of a ship moored due to wind and swell 
conditions [38,39]. The damping systems reduce the horizontal move-
ments of a ship moored due to the vibration induced by wind and waves 
[40], reducing downtime and improving the efficiency of the loading 
and unloading process. There are authors who propose innovative 

mechanisms to reduce the horizontal movements of a ship moored 
[41,42]. These innovations in general aim to reduce the separation of 
the ships from the docking front due to adverse environmental condi-
tions (wind, waves, etc.). The above in order to reduce overload on the 
ropes of the ships, reducing the risk of breakage and attenuating the 
vibration of the ship. All the above results in improved efficiency in port 
loading and unloading operations. However, these new devices operate 
only with ships already moored, or require external sources of energy for 
their operation, in addition to presenting limitations of use, generally 
related to environmental conditions. 

Another unsolved problem is the rebound of the ship after the 
impact, which causes the ship’s berthing maneuver to be a slow process 
with several repetitions [3]. Rebounding is a very common unwanted 
effect on elastomer composite (rubber) defenses, which are the most 
commonly used. The elasticity of rubber composite allows them to 
absorb much of the kinetic energy of the ship in the berthing process, 
reducing the magnitude of the impact loads. However, due to their 
elastic behavior, a linear relation between the ship speed and the reac-
tion force of the defenses is observed [43]. 

A common problem for the engineer in the process of sizing the de-
fenses required for a port for the prevention of damage to the structures, 
is how to perform the dynamic analysis of the berthing process and the 
impact generated by the ship due to the waves [44]. This is necessary to 
determine the ship-dock interaction forces and the rebound speed of the 
vessel. Because the berthing process is slow, the time that the ship- 
defense interaction lasts is much longer than the fundamental period 
of the dock, so the effect on the latter can be considered as quasi-static. 
Therefore, the load transmitted to the dock can be determined based on 
the deformation imposed, by means of the characterization curves of the 
defenses, which are provided by the manufacturers [45]. The demand 
for deformation can be determined approximately by knowing the ki-
netic energy of the ship, matching it with the energy absorbed by the 
group of defenses. This is why in practice the industry that verifies and 
selects the dimensions of the defense are precisely the suppliers of these, 
so a conflict of interest is generated [46]. Manufacturers only provide 
load curves versus deformation and absorbed energy versus deformation 
of the defenses, which does not allow estimating the bounce speed of the 
ship or its dissipation capacity, if they have one. To know the above, it is 
necessary to be able to determine the response of the ship-dock system to 
dynamic actions known as waves, which requires a mechanical-dynamic 
characterization model of the defense. In general, in order to understand 
the interaction between the ship, the port defense and the dock or the 
behavior of these elements separately, finite element models are used. 
These require great time and computational capacity, so in practice, 
simplified procedures are often preferred [44]. 

To solve the problems of the aforementioned port defenses, a simple 
concept of a shock absorber that dissipates energy by friction is proposed 
in this investigation, similar to Begley et al.’s [47]. The proposed device 
is capable of dissipating most of the energy imposed by impact loads that 
interact with it, reducing the ship’s rebound speed and attenuating the 
reactive force of the structure. Among the many enhancements achieved 
by this novel device, probably the most interesting one is the self- 
centering ability combined with a capacity for reducing the restoring 
force exerted over the object, proportionally to the device displacement, 
similarly to Wang, et al. [13]. 

The simplicity of the conceptual model of the proposed device fa-
cilitates its characterization by means of explicit analytical equations 
that allow its use in dynamic time-history analysis. This is favorable for 
design effects, since in this way it is possible to know the impact loads 
that a ship can impose when striking on a defense, as well as the demand 
for deformation in the port defense. The above allows to make a geo-
metric and mechanical design of the device optimized for the charac-
teristics of the port and type of vessel that docks in it. 
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