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1 Introduction 

1.1 Motivation 

Bridge foundations exposed to the risk of ship collision are often designed to 

withstand an equivalent static impact force, which has a considerable magnitude. 

This is a result of the impact force, which is usually determined by assuming the 

ship to absorb the entire impact energy through plastic deformation [1; 2]. As a 

consequence, this accidental load case may become governing and lead to larger 

structural dimensions than needed at the Ultimate Limit State and the Serviceabil-

ity Limit State. 

In reality, the impact energy is only absorbed partly through ship deformation 

while a significant part may be dissipated by the structure. By taking deformation 

of the structure into account, a reduced design impact load can be obtained (reduc-

tions of more than 50% can be obtained, [3]). This principle is illustrated in Fig. 1 
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which schematically shows the load-displacement response (Fstruct., ) of the 

bridge foundation as well as the so-called load indentation curve for the vessel 

(Fship, x). The sum of the shaded areas below the two graphs represents the amount 

of energy absorbed during the impact. By consideration of load- and energy bal-

ance, we may determine the maximum impact load as well as the required dis-

placement capacity of the foundation structure. When using this design approach 

and if the structure exceeds its elastic capacity it is necessary to accept permanent 

deformation of the structure after a ship collision and repair work on the structure 

is to be expected.  

 

 

 

 

Figure 1: Illustration of ship-foundation collision (top) and illustration of load-deformation re-

sponse curves for ship and foundation structure (bottom), from [3]. 

To avoid permanent deformation of the structure, protection systems can be intro-

duced. In that case, the curve representing (Fstruct, ) is replaced by the load-

displacement response of the protection system. The purpose of this is to let the 

protection system dissipate the impact energy and at the same time limit the max-

imum load that can be transferred to the structure. The most common way to pro-

tect bridge piers from vessel collision is by underwater constructions [4]. Solu-

tions such as fenders and inflatable floating barriers are also suitable when dealing 

with relatively small impact energy. For impact from larger vessels with higher 
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speed and larger collision energy, other systems such as dolphins (sheet piling 

with concrete cap on top) or artificial islands may be used. These solutions have 

to be placed at some distance from the bridge foundation and therefore require 

sufficient space around the perimeter of the foundation. In cases of small cross-

ings and narrow canals many traditional protection systems are not suitable due to 

the lack of space. Therefore, protection systems installed directly on the founda-

tion structures (e.g. on the pile cap or the pier) may be necessary. 

In this paper, we describe the results of an investigation of the mechanical behav-

ior of a new, simple protection system. The system - in the following called Con-

crete Friction Buffers - is developed by COWI and designed to be installed direct-

ly on the foundation structure, e.g. the pile cap. The investigation includes exper-

imental tests as well as modeling and aims to study the load carrying capacity and 

the displacement capacity of the protection system. The experimental work has 

been carried out by the primary and secondary author [5]
1
 under the supervision 

of the remaining authors. 

1.2 Concept of the concrete friction buffer 

Fig. 2 schematically shows the principle of the concrete friction buffer protection 

system. The system consists of a number of (axis symmetrical) conical concrete 

pistons. The number of pistons to be used depends on the required capacity as 

well as the magnitude of the impact energy. Each concrete piston is partly encap-

sulated by a circular reinforced concrete sleeve. The sleeves are reinforced with 

circular hoops/stirrups and mounted to the pile cap. The interface between sleeve 

and pile cap has to be designed to enable transfer of contact pressure but at the 

same time allow free radial expansion of the sleeves at impact. The pistons are 

connected to a strong front wall (or front diaphragm), which is the structural com-

ponent that has to transfer the ship impact to all pistons. When a piston (due to 

ship impact) penetrates through a sleeve, confinement stresses develop and gener-

ate friction resistance in the sliding interface between piston and sleeve. Voids in 

the pile cap at the position of the sleeves allow the pistons to displace without any 

resistance other than that stemming from friction in the interface to the sleeves. 

The voids should be equipped with a drainage canal to avoid resistance from en-

trapped water. The free length of the piston (i.e. the part not encapsulated by the 

sleeve) and the magnitude of the confinement force are design parameters that 

control the amount of dissipated energy and the maximum load transferred to the 

structure. The system is sacrificial and hence, after a ship impact, the system is 

not repairable and will have to be replaced (i.e. front wall, pistons and sleeves).  

                                                 
1
 Compared to [5], corrections of some minor errors have been made when writing this paper.  
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Figure 2: Principle of the concrete friction buffer system for protection of bridge foundations 

against ship collision. 
 

Fig. 3 illustrates a conical piston partly encapsulated by a sleeve. The system is 

here shown vertically corresponding to the laboratory test setup. When the load, 

P, is applied, the piston moves downwards and creates an expansion of the sleeve 

(corresponding to a change in radius, R, due to the conical shape). The expan-

sion results in development of a confining pressure at the interface between piston 

and sleeve (in the following also referred to as a clamping force). Initially, the 

sleeve is un-cracked and the clamping force is caused by tensile normal stresses 

developed in the concrete in the tangential direction of the sleeve. Then, as the 

piston continues to penetrate the sleeve, cracks in the radial direction emerge. 

Subsequently, the contribution from the concrete to the clamping force decreases 

due to tensile softening and eventually vanishes when the cracks are stress free. 

Hereafter, only the steel hoop reinforcement contributes to the clamping force. 

The maximum clamping force that can be developed is a function of the hoop 

reinforcement ratio and the ultimate strength of the hoops. Once the hoops yield, 

the piston will displace at almost constant load (i.e. the load bearing capacity of 

the buffer). The displacement of the piston at constant load may continue until the 

sleeve has expanded to such an extent, that rupture of the hoops takes place. The 

displacement capacity depends on the ductility of the hoop reinforcement and the 

shape of the conical piston (i.e. the inclination of the piston’s generatrix). 
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Figure 3: Schematic layout of a concrete buffer consisting of piston and sleeve (left) and illustra-

tion of clamping stresses at interface between piston and sleeve (right) 

1.3 Design philosophy 

When designing a structure for an accidental limit state the material properties 

(and other relevant properties such as e.g. friction coefficient) are usually defined 

as a lower bound value typically given by the characteristic 5% fractile. However, 

for the design of a buffer element, such as those considered here, two sets of 

properties are necessary to consider; a lower and an upper bound.  

To verify that the buffer element is able to absorb the amount of energy applied 

through impact, the lower bound properties have to be used. This will insure that 

even when the properties take their worst possible value (lower 5% fractile) the 

energy absorption is still sufficient. On the other hand, when estimating the max-

imum force transferred from the buffer element to the foundation structure, it is 

necessary to adopt the upper bound values for the material properties (upper 95% 

fractile).   

2 Experimental program 

2.1 Specimen geometry and material data 

In total, ten downscaled test specimens were produced and tested. However, only 

six specimens had conical piston. The remaining four specimens were with cylin-

drical pistons. The behavior of these four specimens was distinctly different from 

that of the specimens with conical pistons. The reason is the lack of radial expan-

sion of the sleeves due to the cylindrical shape. In the following, only test and 

modelling of the buffers with conical pistons are described. 

An overview of the different types of components used in the experimental pro-

gram can be seen in Fig. 4. The pistons were cast in smooth metal formwork in 
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order to obtain a smooth surface. After hardening, a sleeve was cast around the 

pistons (see photos in Fig. 5 showing formwork and reinforcement of sleeve). In 

practical applications, the buffers may be submerged in water. This means that 

algae growth will most likely occur. To simulate this situation and to get an esti-

mate of the lowest possible friction at the concrete-concrete interface, wax was 

applied on the surface of two of the pistons before casting of the sleeve. This 

should lead to a reduced friction between piston and sleeve as would be expected 

in practice due to algae growth (the wax was applied to the full length of the pis-

tons even though the section surrounded by the sleeve will not be exposed).  

As illustrated in Fig. 4, the concrete buffer (i.e. piston with sleeve) was placed on 

top of a base. The base was a hollow, reinforced concrete cylinder used as the 

support of the buffer in the experimental setup up and allows the piston to pene-

trate through the sleeve. An overview of the six tested buffers can be seen in Ta-

ble 1. The detailed design of the components is described in the following.   

 
Figure 4: Components of the down-scaled concrete friction buffer (the base is a part of the test 

setup) 

Table 1: Overview of test specimens 

Specimen 

ID. 

Interface property between piston and 

sleeve 

Stirrup/hoop content in 

sleeve*
)
 

1-L-D Sleeve cast against dry piston surface  Low 

2-L-D Sleeve cast against dry piston surface  Low 

3-L-W Sleeve cast against piston surface treated with 

wax 

Low 

4-H-D Sleeve cast against dry piston surface  High 

5-H-D Sleeve cast against dry piston surface  High 

6-H-W Sleeve cast against piston surface treated with 

wax 

High 

*
)
 High: 10 x Ø12mm stirrups, D = 550 mm plus 4 x Ø12mm stirrups, D = 700 mm. 

    Low:  8 x Ø10 mm stirrups, D = 550 mm plus 2 x Ø10 mm stirrups, D = 700 mm. 
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Figure 5: Piston, stirrups and crack inducers placed within sleeve formwork (left) and buffer sys-

tem after casting of sleeve (right)  
 

2.1.1 Layout of conical pistons 

The pistons had a height of 1 meter. The cross sectional diameter was 350 mm at 

top and 300 mm at bottom, i.e. a surface inclination of tan = 1:40. The pistons 

were cast with a Class C40/50 concrete and reinforced with Class B ribbed rebars. 

The layout can be seen in Fig. 6. A steel plate was cast in the top of the piston for 

load transfer from the testing machine.   

 
 Figure 6:  Longitudinal and cross sectional view of piston geometry and location of reinforcement  

 

2.1.2 Layout of sleeves 

The sleeves were cast in cylindrical forms with an outer diameter of 750 mm and 

high of 500 mm (see Fig. 5). The wall thickness of the sleeves varied from 200 

mm at the top to 225 mm at the bottom. The effective wall thickness, however, 
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was smaller for most part of the sleeve. In order to prevent the sleeve wall from 

being under reinforced (i.e. preventing the tensile capacity of the concrete wall to 

be larger than the tensile capacity of all stirrups) eight crack inducers were cast 

into the sleeve. The crack inducers were made of 20mm plywood sheet and re-

duced the wall thickness by 100 mm in most part of the sleeve. At the bottom, 

where the sleeves in the experimental setup must be supported by the base, the 

full thickness of 225 mm was maintained. The positions of the crack inducers can 

be seen in Fig. 7 (bottom) and the shape of the crack inducers has been indicated 

by the hatched area in Fig. 7 (top), leaving the un-hatched areas as the effective 

wall area. The sleeves were provided with circular stirrups (hoops). In three of the 

sleeves, the stirrups were made from Ø10mm rebars while in the remaining three 

sleeves, Ø12mm rebars were used. The amount of stirrups per sleeve has been 

indicated in Table 1. The content of stirrups in the sleeves will in the following be 

termed high (H) in case of Ø12mm rebars and low (L) in case of Ø10mm rebars. 

It should be noted that the stirrups had different outer (bend) diameters, D, de-

pending on their position in the sleeve as indicated in Figure 7. In the part of the 

sleeve where crack inducers reduced the wall thickness, the outer diameter of the 

stirrups was D = 550mm while in the lower part with thickness 225 mm, the outer 

diameter of stirrups was D = 700 (see also Table 1).  

           

 
 
Figure 7: Effective wall thickness of sleeve (top) and position of the eight crack inducers (bottom), 

reinforcement shown for specimens with low stirrup content. 
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2.1.3 Properties of reinforcement 

Fig. 8 shows a representative stress-strain relationship determined from 10 tensile 

tests of the Ø10mm and Ø12mm rebars. The rebars used did not have a distinct 

yield plateau. Therefore, the 0.2% - stress as well as the ultimate strength fu has 

been determined. It should be noted that in the analysis, an idealized elasto-plastic 

stress-strain relationship will be adopted, where fy = fu is assumed. Table 2 sum-

marizes the average values of the main properties needed for modelling in this 

paper. 

 

Figure 8: Tested uniaxial stress-strain relationship for Ø10 mm rebars. 

 

Table 2: Reinforcement properties, average values. 

Tensile 

strength 

fu [MPa] 

Strain capacity  

u [%] 

E-

modulus 

Es [GPa] 

606.2 7.75 195.5 
 

2.1.4 Properties of concrete 

The test specimens were cast at a precast concrete plant using one of the available 

standard concrete mixtures with maximum aggregate size of 8 mm. (details of the 

mixture composition may be found in [5]). The uniaxial compressive strength was 

determined from tests on cylinders cured under the same condition as the buffer 

specimens. Cylinder compression tests were carried out before, during as well as 

after testing of the buffers. The results are summarized in Table 3, showing a 

slight strength increase from 28 days of age to 79 days of age.  
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Table 3: Average values of tested compressive cylinder strength. 

Compressive 

strength 

fc [MPa] 

Age 

[Days] 
Period 

48.1 28  (before test of buffers) 

52.1 63  (during test of buffers) 

54.5 79  (after test of all buffers) 

2.2 Test setup 

The buffers were tested in a 5 MN INSTRON machine using displacement con-

trol. The test setup is schematically shown in Fig. 9 and photo of a specimen in 

the testing machine is shown in Fig. 10. During the test, displacement of the pis-

ton as well as radial expansion of the sleeve was monitored by LVDTs placed as 

indicated in Figs. 9 and 10.  Sixteen “sandwiches” of steel plates with grease in 

between were placed on the top of the base to support the sleeve (Fig. 11). Sup-

port in the form of steel plate “sandwiches” was chosen to allow for unrestrained 

radial movement of the eight segments of the sleeve that was expected to form 

due to the crack inducers.  

 

 

Figure 9: Illustration of test setup with position of LVDTs for displacement measurements. 
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Figure 10: Test specimen on concrete base placed in 5 MN INSTRON machine. 
  

 

Figure 11: Sandwiches of steel plates with grease in between placed on top of the concrete base for 

support of the sleeve.   

2.3 Test results 

2.3.1 Specimens with low stirrup content in sleeve 

Fig. 12 shows the relationship between the applied load, P, and downward dis-

placement of the piston, u, for test specimen 1-L-D. The following characteristic 

phases (also indicated in Fig. 12) on the response curve may be identified. 

 

 Crack appearance: Within the first few millimeters of piston displacement, the 

sleeve cracked at the position of the crack inducers. Before crack appearance, 

the load-displacement response behavior is very stiff. A significant difference 

in the stiffness of the buffer is seen prior to and just after cracking. The dis-
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placement of the piston after cracking of the sleeve was accompanied by lat-

eral (radial) movement of the segments of sleeve.  

 

 Yielding of stirrups: After crack appearance, the load-displacement response 

increases almost linearly until a plateau is reached. This happens at about 85% 

of the maximum load and is due to initiation of yielding in the stirrups.  

 

 Maximum load: A horizontal plateau with maximum load of 2683 kN was 

observed between appr. 100 mm piston displacement to about 200 mm piston 

displacement. 

 

 Rupture of stirrups: At about 200 mm piston displacement, the first stirrup(s) 

ruptured resulting in a vertical drop on the response curve. Thereafter, a se-

quence of stirrup ruptures occurred resulting in a further drop of load in the re-

sponse curve.    

 

 

 

Figure 12: Load vs. piston displacement for specimen 1-L-D (Yield plateau replaced by Yielding 

of stirrups)  
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Figure 13: Load vs. piston displacement for all specimens with low stirrup content.  
 

Table 4: Summary of test results for specimens with low stirrup content. 

Specimen:  3-L-W 2-L-D 1-L-D 

Crack appearance 

Load (kN) 

Displacement 

(mm) 

462  

2.4 

696 

2.3 

796 

2.4 

Initiation of yielding of stirrups 

Load (kN) 

Displacement 

(mm) 

1661 

37 

2261 

39 

2271 

36 

Ultimate load 

Load (kN) 1858 2670 2683 

 

The load-displacement responses of all three specimens with low stirrup content 

are compared in Fig.13 and the main results are summarized in Table 4. As ex-

pected, very similar responses are observed for the two identical specimens, 1-L-

D and 2-L-D. For these two specimens, there is, however, a difference in the post-

peak behavior. While rupture of stirrups (and thereby drop in the response curve) 

took place one by one in the case of 1-L-D, then nearly all stirrups ruptured at the 

same time for specimen 2-L-D. This difference may possibly be explained by the 

locations of the laps of the circular hoops. As shown in Fig. 14, the laps in speci-

men 1-L-D are more or less randomly located, whereas the laps in specimen 2-L-

D have coincidently been placed at the same vertical section. Photos of specimen 

2-L-D after testing (see Fig. 15) show cracks pattern and position of stirrup rup-

ture.   

From Fig. 13, it can be seen that specimen 3-L-W had a much smaller load carry-

ing capacity than specimen 1-D-L and 2-D-L. This result was expected because 
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the interface between sleeve and piston in specimen 3-D-W was, as mentioned 

above, treated with wax to simulate algae growth in practice. This has resulted in 

a reduced friction in the interface and thus a reduced clamping force and thereby a 

reduced load carrying capacity. 

 

                  

 

Figure 14: Location of lap for different stirrups in specimen 1-L-D (left) and specimen 2-L-D 

(right). 

 

        

Figure 15: Crack patterns and location of stirrup rupture in sleeve, top view of specimen 2-L-D. 
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2.3.2 Specimens with high stirrup content in sleeve 

The obtained load-displacement responses for specimen 4-H-D, 5-H-D and 6-H-

W are shown in Fig. 16. The load at which cracking of the sleeve took place was 

785 kN and 519 kN for specimens 5-H-D and 6-H-W, respectively. This is compa-

rable to the cracking load levels observed for specimens without and with wax 

treatment and having a low content of stirrups. The cracking load for specimen 4-

H-D is seen to be significantly higher than in the other specimens.  In addition, it 

can be seen that there is a small drop in the response curve just after crack appear-

ance before the load catches up again. This might be the effect of an initial cohe-

sive resistance.  

As can be seen, the response curve of specimen 6-H-W (interface wax treated) 

reached a horizontal plateau (approximately at 3780 kN) with yielding of the stir-

rups. Displacement measurements with LVDTs only exists up to ca. 70mm for 

this test. Due to observation of fracture of the sleeve, the LVDTs were removed to 

avoid damage of testing equipment. The test was, however, carried out to the end 

(i.e. nearly full penetration of piston). Fig. 17(right) shows the damaged sleeve 

after end testing for specimen 6-H-W. 

For specimens 4-H-D and 5-H-D, it was necessary to terminate the experiment 

when the stirrups were still behaving elastically (the response curves still show 

positive gradient at the point of termination). The combination of dry interface 

and high stirrup content lead to very high clamping forces and resulted in prema-

ture crushing of the piston head, see Fig. 17(left).  

Hence, the test results for specimens 4-H-D and 5-H-D cannot be used for further 

study; except perhaps as a warning that when designing the piston, the compres-

sive stress should be limited (at failure, the compressive stress in the two pistons 

had reached 53 MPa and 62 MPa, respectively) or higher strength concrete should 

be used to avoid a situation in practice, where the piston becomes the weak link of 

the concrete buffer system.  

 

Figure 16: Load vs. piston displacement for specimens with high stirrup content  
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Figure 17:  Crushing of piston before yielding of stirrups in sleeve of specimen 5-H-D (left) and 

damages of sleeve in specimen 6-H-W after ca. 480 mm piston displacement (right)  
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3 Modelling of load-displacement response 

In this section, a simple model for the load-displacement response of the concrete 

friction buffer is established. The model is used to compare with test results as 

well as to carry out design optimization in order to obtain as large a displacement 

capacity as possible for a given geometry and stirrup content. 

3.1 Geometry and kinematical relations 

Fig. 18 shows a longitudinal section through piston and sleeve. P is the applied 

load and the reaction at the bottom of the sleeve is considered as a line load . The 

displacement of the piston is denoted  and the conical shape of the piston is de-

scribed by the angle of the generatrix, he initial inner radius (i.e. geometry 

before loading) of the sleeve is R(z), where z = 0 corresponds to the top face of the 

sleeve and z = h corresponds to the bottom face of the sleeve. As indicated, the 

initial radii are R(z = 0) = R0 and R(z = h) = R1. In addition, Rs1 describes the ini-

tial radius of the stirrups placed in the portion of the sleeve with a reduced effec-

tive wall thickness (due to the crack inducers) and Rs2 is the initial radius of the 

stirrups placed at the bottom of the sleeve where there is no reduction of wall 

thickness (For the test specimens, Rs1= 550/2 = 225 mm and Rs2
 
= 700/2 = 350 

mm, cf. Table 1). 

 

Figure 18: Longitudinal section of buffer and symbols used in model 
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The following relation is valid for the initial inner radius: 

0( ) tan( )R z R z    (1) 

The elastic deformation of the piston due to loading is small and it is reasonable to 

assume rigid body motion of the piston. Hence, when the piston is moved down-

wards by u, the radius  of the inner side of the sleeve will be increased by 

R:  

( ) tan( )R u u    (2) 

An expression for the average
2
 normal strain in the tangential direction, , at the 

inner side of the sleeve can now be obtained:  

( )
( )

( )

R u
u

R z



   (3) 

 
Figure 19: Schematic distribution of average normal strain,, in tangential direction of sleeve 

wall 
 

As illustrated in Figure 19, the average normal strain in the tangential direction 

will decrease through the wall thickness of the sleeve. Using the parameter r to 

describe a given point in the wall of the sleeve, we have: 

                                                 
2
 When cracked, the average strain is taken as the sum of localized crack opening 

divided by the circumference  
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 2

( )
( , ) tan( ) ; ( );

R u u
u r r R z R

r r
 


    (4) 

where R2 as indicated in Fig. 19 is the initial outer radius of the effective sleeve 

geometry (i.e. with account for the crack inducers and therefore also varies along 

z).   

The average normal strain in the stirrups can be calculated using Eq. (4) if r = Rs1 

(or RS2) is inserted.  

The necessary kinematic relationship (Eq. 4) for the problem has now been estab-

lished. This relationship will be used together with the constitutive relationships to 

determine the clamping force (i.e. the confinement pressure) that the sleeve is 

exerting on the piston as it moves downward by the magnitude u.  

3.2 Constitutive relationships  

3.2.1 Concrete 

For the problem considered, the uniaxial tensile behavior of concrete is relevant 

although it only has a small impact on the overall response of the concrete buffer. 

It is assumed that concrete is behaving linearly elastic for normal stresses below 

the effective tensile strength ftef, see Figure 20 (left). Young’s modulus for con-

crete is taken as the secant modulus, which by use of the Eurocode [6] can be es-

timated as: 

0.3

22
10

c
c

f
E

 
  

 
(in GPa) (5) 

where fc (in MPa) is the mean cylinder compressive strength of concrete. The ef-

fective tensile strength, ftef, is determined as  

tef t ctf f   (6) 

where fct is the uniaxial tensile strength which in the following is estimated as 

follows, [7]:  

2/30.26 ;  in MPact c cf f f   (7) 

The effectiveness factor, t, is a calibration parameter. In this investigation, a val-

ue of 0.5 (as used in other studies, see e.g. [8]) will be adopted. 

Once the effective tensile strength is reached, cracking takes place. In the cracking 

phase, we assume a simple linear stress-crack opening relationship as shown in 
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figure 20 (right), i.e. the tensile stress transferred across the crack is decreasing 

linearly and the crack is stress free when the crack width reaches wcr. The same 

linear relationship has e.g. been used by Christiansen [8] to model tension stiffen-

ing effects in reinforced concrete bars. According to Christiansen, wcr should be in 

the range of 0.3 – 0.4 mm. In this study, wcr = 0.3mm is used.  

The constitutive relationships shown in Fig. 20 can be used together with calcula-

tions of the average normal strains , i.e. Eq. (4) to estimate the normal stresses, 

, in the concrete sleeve. In a simplified but also approximated manner, the con-

crete stress, , can be determined as a function of  by combining the stress-

strain relationship and the stress-crack opening relationship from Fig. 20 into one 

single “apparent” stress-strain relationship. This approximate relationship is 

shown in Fig. 21, where ct and cr are determined as follows: 

tef

ct

c

f

E
    (8) 

( )
2

cr
cr

nw
r

r



  (9) 

Here, n is the number of primary radial cracks. In this investigation the number of 

primary cracks has been taken as the number of crack inducers, i.e. n = 8.   

 

Figure 20: Assumed uniaxial tension behavior of concrete before cracking (left) and at crack  

development (right)  
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Figure 21: Simplified and approximate relation to determine normal stress, , in concrete sleeve 

as function of average normal strain, .   

 

3.2.2 Reinforcement steel 

The reinforcement is assumed to behave linearly elastic, perfectly plastic with 

Young modulus Es, yield stress fy and strain capacity u. The stresses, s, in the 

stirrups at different positions in the sleeve can then be determined as a function of 

the piston displacement, u. This is simply done by determining the average rein-

forcement strain by use of Eq. (4) with r = RS1 and r = RS2 and afterward inserting 

the average strain into the assumed elasto-plastic stress-strain relationship. Note 

that it is an approximation to use Eq. (4) to determine the reinforcement strain at 

any given point along a stirrup. In reality, the strain in each stirrup will vary de-

pending on the distance from the point of observation to the nearest primary 

crack. The error introduced by this approximation primarily affects the prediction 

of the piston displacement, u, at which yielding of the stirrup begins. This dis-

placement is, however, only of secondary interest since in the problem considered, 

the displacement at which stirrups start to yield is (and should be) much smaller 

than the displacement capacity, ucapacity,  of the system (i.e. the piston displace-

ment that leads to rupture of stirrups).  

The average strain calculated from Eq. (4) should on the other hand not be used 

when it comes to estimation of the displacement capacity, ucapacity, because this 

may lead to unconservative results. In this case, it is necessary to take into account 

the variation of the strain in the stirrups which ultimately results in strain localiza-

tion with some parts undergoing much larger strains than other parts. Hence, it is 

only the elongation of the parts that undergo much larger strains that can be taken 

into account when determining the deformation capacity, ucapacity.  The strain lo-

calization in the rebars is caused by the bond-slip between concrete and rebars 

near the primary cracks. This is treated in the following. 

3.2.3 Bond slip 

In cracked reinforced concrete subjected to pure tension, the tensile stress in the 

rebars will vary between two adjacent primary cracks due to bond stresses (i.e. the 

shear stresses between rebar and concrete). In the vicinity of a primary crack, we 
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observe debonding because of the bursting stresses caused by the ribs of the re-

bars. The slip length (or the debonding length), lo, depends on a number of param-

eters including the stress level as well as the bar diameter. An estimate of the slip 

length may be determine using the following equation proposed in Ref. [9]: 

1.3
1

0.65100

s
o

s

c
l

a




 
    
  

 (10) 

Here  is the bar diameter,s (in MPa) is the reinforcement stress in crack, c is the 

cover and as is the center distance between the reinforcement bars. For the prob-

lem studied in this paper, the two upper limits in Eq. (10) are not critical due to 

large covers and large distance between stirrups. 

 

Figure 22:  Schematic stress distribution in rebar at a stress free primary crack  
 

When the crack is stress free and the bond stress outside the slip length is assumed 

to be uniform, we will for the rebar have the stress distribution as illustrated in 

Fig. 22 (see also [8]). Within the slip length, we have maximum and constant rein-

forcement stress. Hence, for each primary crack, we may estimate the maximum 

rebar elongation at failure as lou, if the strains outside the slip length are neglect-

ed. Hence, if the number of primary crack is n, we find the maximum possible 

increase of the circumference, O, of a circular stirrup as follows:  

o uO nl    (11) 

Now, since both sides of the following equation are expressing the average elon-

gation in the stirrup, 

1 1s s

O R

R R

 



 (12) 
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we can by inserting the right hand side of Eqs. (2) and (11) obtain the following 

estimate for the displacement capacity, ucapacity, of the concrete buffer:

  

2 tan( )

o u
capacity

nl
u



 
  (13) 

It is seen that ucapacity is independent of the radius of the stirrups which at first 

sight appears to be counter intuitive because for the same piston displacement, u, 

the average strain will depend on the stirrup radius (cf. Eq. 4). However, it has in 

the above tacitly been assumed that lo is independent of the stirrup radius. This 

means that the same absolute elongation capacity, nlou, is available in the stirrups 

irrespective of the stirrup size. Hence, the average strain capacity increases when 

the stirrup radius decreases. These two opposite trends compensate for the fact, 

that the actual strain is larger for smaller stirrup radii.   

3.2.4 Interfacial shear-friction 

The main load transfer mechanism in the proposed concrete friction buffer is 

shear-friction, which is mobilized in the interface/casting joint between the piston 

and the sleeve. In the present problem, the mechanical property of this interface is 

affected by the roughness of the piston surface as well as the wax, which was ap-

plied to the pistons in selected specimens. As mentioned, the pistons were cast in 

a smooth metallic form and the interface between piston and sleeve can therefore 

locally be classified as a smooth joint. However, it should be noted that due to 

production tolerances, the piston did not have a perfectly conical shape and there 

was to some extent ovalisation so that not all cross sections were perfectly circu-

lar. The shear capacity of a casting joint is normally determined by an empirical 

Coulomb type shear-friction equation: 

nc    (14) 

where c is the cohesion and the second term is the friction contribution. The cohe-

sion is only relevant when determining the initial static strength and will vanish 

once the piston begins to penetrate the sleeve. The cohesion has the useful practi-

cal application of preventing small impact forces from activating the buffer sys-

tem.  

When establishing a model for the load-displacement response of the concrete 

buffer, shear-friction is considered the main contribution. Therefore, in the fol-

lowing, we will not account for interfacial cohesion. Eq. (14) thus reduces to:  

n   (15) 
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According to Eurocode [6],  = 0.6 for smooth joints. This value is for design 

purposes and therefore conservative. Based on tests,  = 0.7 – 0.8 is more suita-

ble, [7]. For a wax treated interface, the friction coefficient is unknown.       

3.3 Equilibrium conditions  

The kinematic relationships and the constitutive relationships established previ-

ously allow us to determine the internal stresses in the sleeve for any given value 

of the piston displacement, u. Now, to determine the relationship between the ex-

ternal applied load, P, and the piston displacement, u, we need to find the relation-

ships between the external load and the internal stresses. These relationships are 

established by setting up the equilibrium conditions.  

 

 
Figure 23: Free body diagram of a segment of the sleeve 
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With reference to the z-axis shown in Fig. 18 and the (r, )-system indicated in 

Fig. 19 we now consider a free body diagram of a segment of the sleeve confined 

by the angle d and the height dz, see Fig. 23. The interface to the piston is acted 

upon by a compressive normal stress, n, and a shear stress, . At the radial 

boundaries of the segment, we have a distribution of tensile normal stresses in the 

concrete, which may be non-zero throughout the wall thickness (i.e. for R(z) ≤ 

r  ≤ R2) or only non-zero in a part of the wall depending on the level of cracking. 

In Fig. 23(top), a situation corresponding to un-cracked sleeve has been schemati-

cally shown. The resultant of the -distribution over the wall thickness is denoted 

as Tc (i.e. a force per unit length dz). Tc has been indicated by the dashed arrow in 

Fig. 23(top). It is noted that Tc is a function of u and z. By combining Eq. (4) with 

the stress-strain relationship shown in Fig. 21, we can determine Tc from: 

2

( )
( , ) ( , )

R

c
R z

T u z u r dr   (16) 

As indicated in the Fig. 23 (top), the stirrups crossing the radial boundaries carry a 

tensile force Ts  (also a force per unit length, dz, of the sleeve height). For the ge-

ometry of the tested buffers, the position of Ts is at Rs = Rs1 or Rs = Rs2 depending 

on the location of the considered segment. As described previously, the stirrup 

stresses may be found by relating the average strain (Eq. 4) at r = Rs with the as-

sumed elasto-plastic stress-strain relationship for the rebars. Hence, Ts may be 

found be multiplication of the stirrup stresses with the stirrup area per unit height 

of the sleeve wall. It is noted that Ts is in principle also a function of both u and z 

since the stirrup content may vary along the sleeve height as well as the stirrup 

bend diameter may vary.  

The total resultant, T(u, z), of the normal stresses in the radial boundaries of the 

segment is then: 

( , ) ( , ) ( , )c sT u z T u z T u z   (17) 

At the cross sectional boundaries (i.e. the horizontal boundaries) of the segment, 

compressive normal stresses have to develop to equilibrate the stresses acting on 

the interface with the piston. In Fig. 23 (bottom), the compressive normal stresses 

on the cross sectional boundaries are represented by the line loads  The 

boundary conditions of course dictate that  and the resultant of 

 must equal the load, P, applied to the piston head.  

From Fig. 23 (top), we find that the condition for equilibrium in the r-direction 

may be expressed as follows: 

 2 ( , ) sin cos sin ( )
2

n

d
T u z dz R z d dz


    

 
     

 
 (18) 
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By utilizing  for small angles and by replacing  with n according 

to Eq. (15) we find from Eq. (18): 

 
( , )

( ) cos sin
n

T u z

R z


  



 (19) 

Moving on to the equilibrium condition for the z-direction and using the notations 

shown in Fig. 23 (bottom), the following equation can be established: 

 sin cos ( )m n

p
dz R d R z d dz

z
     

 
     

 
 (20) 

The accumulated compression over the height of the sleeve is equal to the reaction 

at the base. Therefore, to equilibrate the total force, P(u), transferred from the pis-

ton to the sleeve, the following must be fulfilled: 
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 (21) 

As can be seen, the relation in Eq. (20) has been utilized when formulating Eq. 

(21). Now, by replacing  with n and expressing n through the right hand side 

of Eq. (19) we finally arrive at the following equation to determine the load-

displacement response of the concrete friction buffer:   

0

sin cos
( ) 2 ( , )

cos sin

h

P u T u z dz
  


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


   (22) 

Expression (22) can be simplified further when the angle  defining the conical 

shape of the piston is small. In that case, we have: 

0
( ) 2 ( , )

1

h

P u T u z dz
 







   (for small angles ) (23) 

In a design situation, Eq. (23) can be used to determine the load carrying capacity, 

Pmax, of the buffer. At the ultimate load where the tensile strength of concrete has 

vanished, the integral  
0

( , )
h

T u z dz  will simply be equal to the yield capacity of all 

the stirrup legs crossing the longitudinal section of a sleeve wall. Hence: 
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max 2
1

s s yP n A f
 








 (24) 

where ns is the number of stirrups in the sleeve, As is the cross sectional area of 

one stirrup leg and fy is the yield stress of the stirrups. 

Since the buffer should be designed to have a displacement capacity that is signif-

icantly larger than the displacement needed to obtain first yielding in the stirrups, 

a simplified rigid-plastic behavior can be assumed when carrying out preliminary 

design. This means that the energy dissipation capacity of a buffer can be estimat-

ed as Wdissipation = Pmaxucapacity. Inserting the right hand side of Eqs. (13) and (24), 

we find: 

 1
dissipation o u s s yW nl n A f

 


 





 (25) 

This formula can be used to find a first estimate of the number of buffers needed 

to withstand a ship impact with known impact energy. Of course,  = 0 cannot be 

used as explained below.  

3.4 Parameter study 

It appears that , the angle of inclination of the conical surface, plays a very im-

portant role for the load carrying capacity as well as the displacement capacity, cf. 

Eqs. (13) and (24). It is important to note that these Equations become invalid 

when →  (i.e. when the conical piston turns into a cylindrical piston). The 

reason is, of course, that we cannot have expansion of the sleeve when = . 

Hence, the stirrups cannot be activated which means that there is no resulting 

clamping force to mobilize friction at the interface.  

In Fig. 24, load-displacement curves have been calculated by use of the model 

described in this section. The only parameter that has been varied is the angle α. 

As input for these calculations, the layout of test specimen 1-L-D has been used 

(although all stirrups have been given the same bend diameter D =550 mm). Fur-

ther, the following parameters have been assumed: fc = 50 MPa, fy = 600 MPa, Es 

= 200 GPa, u = 8%, t =0.5 wcr = 0.3 mm, n = 8 and  = 0.75. 

As can be seen in Fig. 24, only a small variation in the load carrying capacity is 

found for the interval of  considered. However, the point at which the stirrups 

begin to yield is delayed as  becomes smaller. Most significant is the change in 

the displacement capacity. Smaller values of  mean that the rate of expansion 

decreases and a much larger displacement, u, has to take place before the stirrups 

rupture. It is important to note that there is most likely a lower limit for  (differ-
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ent from zero), below which calculations according to the presented model will no 

longer be valid. The lower limit can only be determined by means of experiments. 

 

 

Figure 24: Calculated load-displacement curves for different generatrix inclination, α0 = 1.46
o
;  

α1 =1.2
o
;  α2 = 1.0

o
;  α3 = 0.8

o
; α4 = 0.6

o
.  
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4 Comparison of tests with model 

4.1 Model parameters 

In the following, the established model will be compared to experimental results. 

The tested material parameters which are used (directly or indirectly) in the model 

are: fc, fu, Es and u. As the uniaxial compression strength of concrete, an average 

value of fc = 52.2 MPa found from cylinder tests has been used. Based on the 

compressive strength, the Young modulus and the tensile strength of concrete 

have been estimated according to the equations provided in Section 3.2. Based on 

average results of uniaxial tension tests of rebars, the following values have been 

used to describe the reinforcement behavior: fy = fu  = 606.2 MPa, Es = 195.5 GPa 

and u = 7.75%. The assumption of fy = fu means that the elasto-plastic stress-

strain relationship assumed for the stirrups will represent and upper envelope for 

the actual stress-strain behavior shown in Fig. 10.      

Besides of the tested material properties, the model also requires four other pa-

rameters, which need to be estimated or assumed. These are:  

 The effectiveness factor, t, for concrete in tension. As mentioned in Sec-

tion 3.2, a value of 0.5 is often used in the literature. The same value is 

adopted here. 

 

 The crack width, wcr, at which the crack becomes stress free. The value of 

this parameter is closely linked to the assumed linear softening curve and 

the effective tensile strength (Fig. 20). Christiansen [8] suggested that wcr 

should be in the interval 0.3 - 0.4 mm. In the following a constant value of 

0.3 mm is adopted. 

 

 The number of primary cracks, n. In the tested buffers, we have cast in 

eight crack inducers which locally reduced the sleeve wall thickness by 

approximately 50% and thereby functioned as notches at which cracks ini-

tiated. Therefore, n = 8 has been adopted when using the model. For gen-

eral applications where crack inducers are not cast in, estimates of the 

crack spacing and thereby n may be carried out by use of a suitable model 

proposed in the literature (e.g. [8]). It should, however, be noted that using 

a model for linear members loaded in tension will not necessarily lead to 

accurate estimates of the crack spacing for problems of the type consid-

ered in this paper because tensioned circular stirrups (due to expansion) 

generate radial compression on the concrete.    
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 The friction coefficient, µ. This value is in this study considered as a cali-

bration parameter which is used obtain agreement between tested load car-

rying capacity and modelled load carrying capacity (i.e. the horizontal 

plateau of the response curve). There are several reasons why it is difficult 

to make an independent qualified estimate for . As mentioned, even 

though the interface between piston and sleeve can be classified as a 

“smooth joint”, there is also the effect of production tolerances, which 

means that a perfectly conical shape has not been obtained. Ovalisation of 

the piston cross sections obviously affects the apparent friction coefficient. 

Finally, for the specimens with wax treated interface, there is a reduced 

friction coefficient.   

 

4.2 Results for specimens with low stirrup content 

Fig. 25 shows the predicted response for test specimens 1-L-D, 2-L-D and 3-L-W.  

To obtain agreement between tested load-carrying capacity and model, the friction 

coefficient has been assumed as  = 0.85 for specimens 1-L-D and 2-L-D while 

for specimens 3-L-W which wax on the interface,  = 0.56 has been adopted. The 

full response has been depicted, i.e. the calculations have been depicted for piston 

displacement, u, up to ucapacity, where ucapacity ~ 250 mm has been estimated using 

Eq. (13). It can be seen that the model prediction agrees fairly well with experi-

ments. It is especially interesting to note that even though  is calibrated only to 

obtain agreement with the ultimate load, then the adopted value of  also leads to 

reasonable predictions of the ascending part of the response curve. The first por-

tion of the ascending part has been enlarged and shown in Figure 26. In relation to 

the ascending part, it should be noted that just before the transition to the horizon-

tal plateau (see Fig. 25 at displacement u between 25 – 50 mm) there is a loss of 

stiffness (i.e. the gradient of the ascending curve decreases). The reason for this 

detail can be found in the two different diameters of the stirrups. First, the stirrups 

with D = 550 mm start to yield. Then, when the displacement increases further, 

the stirrups with D = 700 mm placed at the bottom of the sleeve begin to yield as 

well resulting in the horizontal plateau.  
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Figure 25:  Calculated load-displacement response compared with tests, specimens with low stir-

rup content  

 

A friction coefficient of 0.85 exceeds typical values of 0.70 – 0.80, which is the 

usual interval found from tests with smooth casting joints. The above mentioned 

production tolerances leading to a non-perfect conical shape for the pistons likely 

result in a higher friction coefficient. Regarding the lower friction coefficient,  = 

0.56, a discussion will be provided in relation to comparison with test 6-H-W.     

To model the smooth transition from the ascending part of the response curve to 

the yield plateau as observed in tests, calculations have also been carried out using 

the “true” stress-strain relationship for the reinforcement. That is, instead of using 

an idealized elasto-plastic stress-strain relationship, the true stress-strain curve 

obtained from tension tests (see Fig. 10) has been used in this more refined model. 

The calculations for this case can be seen in Fig. 27. All other parameters are the 

same as those used when determining the results in Fig. 25. It appears that by us-

ing the true stress-strain relationship for the reinforcement, we find better predic-

tions of the behavior of specimen 1-L-D and 2-L-D. The agreement between 

model and experiment is on the other hand less impressive for specimen 3-L-W.  
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Figure 26: Ascending part of calculated and tested load-displacement response for specimens with 

low stirrup content  
 

 

Figure 27: Calculated load-displacement response by use of true stress-strain relationship for rein-

forcement  
 

4.3 Results for specimens with high stirrup content 

As described in the Chapter 2, the piston of specimens 4-H-D and 5-H-D failed by 

crushing at an early stage where the stirrups in the sleeves were still in the elastic 

range. The results of these tests are therefore of less interest. Only for specimen 6-

H-W with high stirrup content, the test was completed with rupture of stirrups. As 

mentioned, however, only a portion of the horizontal plateau was determined be-

cause the LVDTs were removed before end of testing. Fig. 28 shows the model 

prediction compared with the test. In the calculations, we have used the same pa-

rameters as those applied to specimen 3-L-W. The only difference here is the 

higher stirrup content.  It is interesting to note that a close prediction of the load 
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carrying capacity has been obtained using the same low friction coefficient  = 

0.56 as that adopted for specimen 3-L-W. It seems therefore reasonable to con-

clude that  = 0.56 is a fair estimate of the friction coefficient for a smooth and 

wax treated interface. From Fig. 28, it is noted that the ascending branch is also 

captured fairly well by the model. The estimated displacement capacity in this 

case, ucapacity ~ 330 mm, should not be compared with the end point on the exper-

imental response curve due to the reasons mentioned above.   

 

 

Figure 28: Calculated and tested load-displacement response for specimen 6-H-W  
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5 Discussions and Conclusions 

In this paper, a mechanical system to protect bridge piers from ship impact has 

been conceptually introduced, experimentally evaluated and analytically mod-

elled. The system is based on Concrete Friction Buffers that can be directly in-

stalled on new or existing foundation structures of bridges. The buffer consists of 

a conical concrete piston surrounded by a reinforced concrete sleeve, which it 

penetrates upon impact of a vessel, thereby deforming the device and dissipating 

energy to reduce the forces acting on the foundation structure. The concept is in 

principle applicable to all accidental loads, be it a derailed train, vehicle impact or 

any other accidental impact necessary to consider in design. 

The working principle of this impact protection system has been experimentally 

demonstrated and evaluated by testing six prototype specimens with a variety of 

design parameters including the reinforcement ratio and the frictional property of 

the interface between piston and sleeve. Based on experimental data and observa-

tions of the deformation behavior of the system under load, an analytical model 

has been established to predict the load-deformation behavior of the system in-

cluding maximum expected load level, displacement capacity and energy absorp-

tion capacity. The established model compares well with the obtained experi-

mental data and may serve as a basis for a design tool for the protection device. 
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