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Abstract. Previous preliminary testing within the European R&D project PROLIFE, (RFCS 

2015-00025) of bolted lap joints loaded in shear has confirmed that small hard indenters 

inserted into a joint may indeed increase the effective friction of the joint. In order to further 

explore this feature, additional tests have been carried out with plates of different surface 

treatment and indenter size. Plates of structural steel grade S355+N were used in the 

experiments. Some plates were treated with fine blasting and others with a rougher treatment. 

Most plates were treated in the same way as steel components in new steel bridges in Sweden. 

For tests with the AMA surface treatment, 2.5 and 5.0 mm diameter stainless steel spherical 

indenters and 3.0 mm diameter silicon nitride spherical indenters were used. The necessary 

pre-loads to fully impress a 2.5 or a 5.0 mm stainless steel indenter into a steel plate surface are 

10.6 and 41.0 kN, respectively, and for a 3.0 mm silicon nitride indenter 17.7 kN.  In the lap 

joint tests an M24 bolt with a pre-loading force of 240 kN were used and the number of 

indenters adopted accordingly. The results were compared with each other and to slip factors 

according to Eurocode. The results confirm certain Eurocode friction coefficients and they 

further indicate which parameters need further research, in order to develop more efficient 

bolted friction lap joints. 

1.  Introduction 

The research work in this article is an extension of earlier testing[1], which is a part of the European 

R&D project PROLIFE, “Prolonging life time of old steel and steel concrete bridges”, and deals with 

the development of a new type of friction joint. The aim of this part of the PROLIFE-project is 

basically to develop this type of connection for trusses - bottom flanges connection of bridge beams so 

that the construction acts like a steel box girder, but also to keep an open mind for other applications. 

The aims of inserting indenters in a lap joint are at firstly to increase the friction coefficient in a joint 

and secondly to introduce more reliable and safe parameter for friction connections. 

 

The results of earlier testing indicate that the concept is a promising one, since the original goal of 

the project[1] is likely to be obtained. For a traditional joint without indenters and “rolled surface” plate 

conditions, the friction coefficient is not just low, but the joint is also unstable in the sense that safety 

against overloading is lacking. The maximum load capacity of a joint is reached after certain initial 

slip beyond which the slip force decreases with increasing slip. In contrast, for joints with indenters 



 

 

 

 

 

 

and the same plate conditions, the slip force increases monotonically with increasing slip and the 

maximum load capacity is obtained at a much greater slip than the above “initial slip” and provides in 

this way safety against overloading, since an overload is accommodated by some small additional slip. 

At the Eurocode acceptable slip of 0.15 mm[2] the slip force of a joint with indenters is increased no 

less than 344 %[3]. From the earlier test the result of the necessary pre-loading force to impress a 2.5 

mm stainless steel indenter into a steel plate surface were 10.6 kN[1]. 

 

After verification that 2.5 mm stainless steel indenters in fact improve the effective friction of a lap 

joint, with “rolled surface” conditions, this influence was studied in conjunction with the surface  

treatment used on steel components in steel bridges in Sweden[4] (further on called “AMA”). Also the 

influence of indenter size and of the remaining gap between compressed plates was studied. 

 

In a recent experimental study, indenters of different size and material were loaded in compression 

between two AMA treated plates in order to determine the force needed to press down an indenter of a 

certain size a certain depth into a plate. Thereafter plates with different surface treatments were shear 

loaded in a lap joint in order to compare their effective friction values in comparison to the Eurocode 

tabulated friction values. Finally AMA treated surfaces with indenters of different sizes, materials and 

number per slip plane were shear loaded in a lap joint and compared with the previous tests without 

surface treatments. 

2.  Experimental Studies 

All testing was conducted at the research laboratory Complab at Luleå University of Technology, 

Sweden. The structural steel grade S355+N were used for all plates. The indenters used were either 

spherical of 2.5 or 5.0 mm diameter of high strength stainless steel, or spherical of 3.0 mm diameter of 

silicon nitride. The material of the stainless steel indenters is X46Cr13 according to Eurocode 

nomenclature and is ductile, hard and of high strength. The ultimate tensile strength is 1700-1900 MPa 

and the hardness HRC 52-60. Silicon nitride (Si3N4) is a corrosion resistant ceramic material with 

good mechanical and toughness properties. The ultimate compressive strength is 2300-4000 MPa and 

the hardness HV 1400-1600 (HRC 74-77). 

2.1.  AMA 

AMA is a precept developed by “Svensk Byggtjänst”, generally used by contractors, consultants and 

The Swedish Transport Administration as a mandatory part of their contracts. AMA stipulates general 

material specifications and in Sweden generally accepted work procedures. 

 

In the AMA part “Anläggning 17 GBD.1” is described the surface treatment of steel in steel 

bridges[4]. AMA refers to the corrosion class C5-M (A5M.06-EP(Zn)/EP/PUR), defined in ISO 12944-

5. According to the ISO standard the surface should first be blasted, if needed, to Sa 2.5 and thereafter 

be treated with a zinc rich epoxy (40-60 µm), then with epoxy pigmented with micaceous iron oxide 

(2*75 µm) and finally covered with polyurethane cover paint (2*60 µm). This means that after 

blasting, the thickness of the surface layer of the AMA treatment is around 0.31 mm. 

 

2.2.  Eurocode 

The slip resistance of a friction joint is calculated according to the theoretical expression for friction 

force, adjusted with regard to safety [5], 

 

𝐹𝑠,𝑅𝑑 =
𝑘𝑠𝑛𝜇

𝛾𝑀3
𝐹𝑝,𝐶   (1) 

 

  



 

 

 

 

 

 

where ks is bolt hole configuration factor, n number of friction surfaces, μ friction coefficient, Table 1, 

γM3=1.25 partial safety factor and Fp,C the pre-loading force determined according to the expression, 

 

𝐹𝑝,𝐶 = 0.7𝑓𝑢𝑏𝐴𝑠   (2) 

 

where fub is the ultimate tensile strength and As the bolt stress area. 

 

The factor 0.7 means that a bolt should be tightened to only 70 % of the ultimate tensile strength. 

This means the Eurocode indeed permits only just the minimum tightening needed to obtain a fully 

functioning friction connection. 

 

Eurocode defines the slip resistance of a joint as the force at 0.15 mm slip relative each other of 

two adjacent plates loaded in opposite directions [2]. In the background work a 0.3 mm slip was 

assumed acceptable for riveted and high-strength friction grip bolts connection[6]. This value seems 

somewhat arbitrary chosen, not considering the possibility of increasing slip resistance after the initial 

slip. It is clearly stated that “It is not possible to specify exactly how much deformation can at most be 

allowed in a connection forming part of any particular structure”. Also the importance of not 

exceeding a certain limit (slip) is noted, irrespective of the nature of loading that may affect the 

resistance, e.g. fatigue. Assuming 0.3 mm slip is an acceptable maximum limit, then a friction 

connection subjected to fatigue (denoted “dynamic loading” in the background work) should not, 

according to experimental data, be loaded to more than the load corresponding to 0.15 mm slip under a 

static load in order to keep the maximum slip under fatigue loading below 0.3 mm. 

 

Eurocode friction coefficients are shown in Table 1. 

 

Table 1 Friction coefficient for different surface treatments according to Eurocode at 0.15 mm slip[5]. 

Surface treatment Class Slip factor µ 

Surfaces blasted with shot or grit with loose rust removed, not pitted. A 0.50 

Surfaces blasted with shot or grit: 

B 0.40 a) spray-metallized with an aluminium or zinc based product; 

b) with alkali-zinc silicate paint with a thickness of 50 µm to 80 µm. 

Surfaces cleaned by wire-brushing or flame cleaning, with loose rust removed. C 0.30 

Surfaces as rolled. D 0.20 

 

2.3.  Compression Tests 

In two compression test series, a pair of plates, 100x100x20 m3, with 16 indenters uniformly 

distributed in a square pattern were compressed, Figure 1, in a testing machine. The depth of 

indentation was measured with three displacement gauges situated at equidistant positions around a 

periphery. The three displacements were stored electronically together with the compressive force. In 

the first test series the displacement increased linearly with time and both 5 mm stainless steel 

indenters and 3 mm silicon nitride indenters were pressed down into the plates. 

 



 

 

 

 

 

 

 
Figure 1 a) Dartec hydraulic rig, b) The first test set, 

c) After compression. 

 

The results of the compression tests are shown in a load-deformation diagram Figure 2, in terms of 

load per indenter against the mean value of the three measured displacements. The scale of the 

displacement axis is chosen according to indenter size. The penetration of the 5 mm indenter from 

minus 5.0 mm (no penetration) to 0 mm (ideal full penetration) are first shown (beginning from the 

left), thereafter the compression of the plates themselves up to 1.5 mm compression. As the first 0.62 

mm displacement corresponds to indenter penetration of the surface paint layer of the two plates, the 

load-deformation curves were displaced 0.62 mm to the left in order to illustrate true penetration[4]. 

 

It is seen that the compressive force needed to fully press a 5 mm diameter stainless steel indenter 

into the plates was around 41 kN and 17.7 kN to fully press down a 3 mm diameter silicon nitride 

indenter. Since the load capacity of the testing machine is limited to 600 kN (or 37.5 kN per indenter), 

the test result for the stainless steel indenters (41 kN) was estimated by using a second-degree 

polynomial extrapolation (the dashed part of the blue curve in Figure 2). 

 

 
Figure 2 Force per indenter versus adjusted slip length. 



 

 

 

 

 

 

2.4.  Lap Joint Tests 

In the lap joint test series a lap joint with two shear planes with and without indenters and an M24 

bolt, in a 26 mm bolt hole, pre-loaded to 240 kN was loaded longitudinally under a linearly increasing 

displacement until slip failure occurred. Two pairs of knife edges were welded to the plates 

(400x100x20 mm3) edges, one pair on each side of the joint, Figure 3. To register the slip of the joint, 

a Crack Opening Displacement (COD) clip gauge was mounted to the edges of each pair of knives. 

The COD displacement and the longitudinal load were registered and stored electronically. 

 

The lap joint tests contain several test series. In the first series several tests without indenters were 

conducted in order to compare the coefficient of friction of different plate surface treatments. The 

results of these tests were compared to corresponding values given in Eurocode. In a subsequent series 

were tested AMA treated plates with varying number of 2.5 mm stainless steel indenters. In the final 

series were also tested AMA treated plates, but with different indenter size. Also an additional test was 

performed in order to study the behaviour of more or less crushed aluminium oxide 2.5 mm indenters 

in a lap joint. This test was performed with “rolled surface” condition plates and a 320 kN pre-loaded 

M30 bolt according to the above testing arrangement[3]. 

 

 
Figure 3 The test setup of the lap joint tests[3]. 

 

In the first test series with different surface treatments three tests were conducted. One test with 

fine blasting, another with rougher blasting and one further with the AMA treatment. The lap joint test 

results were then plotted in a slip force versus slip length diagram for all three tests together with the 

previous reference test result from the earlier series with the “rolled surface” condition[1]. 

 



 

 

 

 

 

 

 
Figure 4 Slip resistance for connections with different surface 

treatments. Pre-loading force 240 kN (320 kN for rolled surface). 

 

The “rolled surface” reference curve indicates a weakly but steadily decreasing slip force after the 

initial slip of increasing slip force up to maximum slip force, Figure 4, while the blasting tests are 

characterized by a much more rapid decrease after maximum slip force. The AMA treatment  slip 

force is almost constant after maximum load. Note however that the “rolled surface” condition test 

was performed with a different bolt and pre-loading; with an M30 bolt and a pre-loading force of 320 

kN. It is therefore more relevant to compare friction coefficients than slip forces, thereby taking the 

effect of pre-load into consideration. Friction coefficients calculated with Equation 1 for the different 

surface conditions in Figure 4 are shown in Figure 5 and tabulated in Table 2. 

 

 

Figure 5 Friction coefficient versus surface treatment, 

pre-loading force 240 kN (320 kN for rolled surface). 

 

 

Table 2 Friction coefficient versus surface 

treatment 

Surface treatment Fs,Rd,0.15 µ0.15 

Rolled surface 54.518 0.085 

AMA 117.425 0.245 

Rough blasting 234.776 0.489 

Fine blasting 238.174 0.496 
 

 
Figure 6 The specimens from the first test series. 



 

 

 

 

 

 

In the second test series, with AMA treated plates and with different numbers of 2.5 mm stainless 

steel indenters, the purpose was to study the effect, if any, of remaining gap between the joint plates 

after compression. If the number of indenters is too great for the indenters to be fully pressed down 

into the plates by the pre-loading force of the joint bolt, the question arises whether slip resistance will 

still increase with slip length? The maximum number of indenters in a joint at theoretical zero gap is 

nmax=240/10.6=22.6. In view of this, for this test series were chosen joints with 16, 20 and 28 indenters 

per shear plane. In that way it is possible to check that the slip force, as expected, indeed increases 

with slip length for 16 and 20 indenters and further to observe the behaviour of a joint when the 

number of indenters is so great that a remaining gap between plates can be expected after 

compression. In Figure 7 all three tests are plotted together with the AMA reference test. 

 

 
Figure 7 Slip resistance for connections with different 

number of indenters. Pre-loading force 240 kN. 

 

It is seen that if the number of indenters exceeds the maximum number corresponding to theoretical 

zero gap, in this case 22 indenters, the slip resistance no longer increases with number of indenters. On 

the contrary; the slip resistance is in fact reduced and even smaller than the maximum capacity of the 

joint. At the same time the test series show that neither of the tests with indenters increases the slip 

resistance of a friction connection with AMA treated plates. 

 

In the tests with different indenter sizes all joints were provided with almost as many indenters as 

possible, according to the compression tests. 3 mm diameter silicon nitride indenters and 2.5 mm and 

5 mm steel indenters were used. The reason for using a ceramic material was to study indenter 

behaviour both in compression and in shear, with a view of comparison with steel. 

 



 

 

 

 

 

 

 
Figure 8 Slip resistance for connections with different indenter size, 

filled almost to the maximum number of indenters. Pre-loading force 240 kN. 

It is seen that the indenter size does not affect the slip resistance significantly at initial slip for all 

joints with maximum number of indenters. After the initial slip, slip resistance increases with indenter 

size. Also, the larger the indenter diameter, the fewer indenters are needed to obtain certain slip 

resistance. In Figure 9 impressions of indenters on the plates is illustrated after disassembling of the 

joints. 

 

 
Figure 9 Lap joint tests, after disassembling. 

  



 

 

 

 

 

 

In Figure 10 all the AMA treated tests are plotted in order to present an overview. 

 

 
Figure 10 A compilation of all lap joint tests treated with 

the AMA coating. Pre-loading force 240 kN. 

 

Table 3 The slip resistance and friction coefficient for some slips. 

Numbers of indenters Fs,Rd,0.15 µ0.15 Fs,Rd,0.5 µ0.5 Fs,Rd,2.0 µ2.0 

0 117.425 0.245 115.242 0.240 - - 

16 (2.5 mm) 57.621 0.120 69.379 0.145 - - 

20 (2.5 mm) 93.861 0.196 105.370 0.220 127.248 0.265 

28 (2.5 mm) 85.551 0.178 98.202 0.205 - - 

5 (5.0 mm) 100.980 0.210 121.072 0.252 190.475 0.397 

12 (3.0 mm) 100.434 0.209 120.724 0.252 175.195 0.365 

 

The result of the additional test series with 8 aluminium oxide indenters (4 per shear plane) is 

inserted in the diagram with the test results from the earlier test series. 

 

 
Figure 11 Slip resistance versus slip, pre-loading force 320 kN 

and 2.5 mm indenter size. 



 

 

 

 

 

 

The additional test (yellow line in Figure 11) shows an increasing slip resistance with increasing 

slip, but the slip resistance is still smaller than for the two earlier tests. 

3.  Discussion and Conclusions 

In Eurocode the allowable slip load for a connection is defined as the load at which a slip of 0.15 mm 

occurs. The original choice of this slip value was to some extent arbitrary and further related to 

another also somewhat arbitrary chosen maximum acceptable slip of 0.3 mm for a statically loaded 

friction joint. The limit of 0.15 mm slip for a joint in general was chosen to provide some margin for 

fatigue loaded joints[6]. In recent Eurocode background work all load-slip displacement curves, for 

different surface conditions, show that an initial slip of at least 0.15 mm is in fact required to get close 

to the maximum slip resistance, which in most cases occurs very soon after 0.15 mm slip, and, at least 

equally important, thereafter the slip resistance does not increase for further slip and even decreases in 

most cases[7]. This means little safety against even small overloads. Therefore, in our opinion, a 

maximum allowable slip greater than 0.15 mm can no doubt be accepted provided it can be shown that 

the slip resistance increases with slip, a basic feature which is characteristic of the indenter friction 

joints here presented. The margin necessary, if any, for fatigue loaded joints of the present type of 

friction joint remains however to be investigated and this is the subject of future testing. 

 

The present tests verify the Eurocode value μmax = 0.5 for “blasted surfaces”, but also reveal a 

drawback (mentioned above) affecting this surface treatment, in that immediately after reaching a 

friction coefficient of = 0.5 at 0.10 mm, the slip resistance decreases rapidly from its maximum 

value and resistance to further slip is lost. This means that a “blasted surface” joint is unstable upon 

overloading, while a joint with steadily increasing slip is not, i.e. it is stable. According to the present 

results it is not wise to use = 0.5 for “blasted surface” if slip exceeds 0.1 mm since = 0.5 no longer 

is true, which leads to an unsafe and incorrect slip resistance. Further, the effect of the AMA treatment 

may be overestimated in that according to the surface treatment description in Eurocode, Table 1, 

designers will most likely use the slip factor of = 0.4, while our results indicate that the AMA 

treatment only reaches a friction coefficient of = 0.25. 

 

Both number and size of indenters in a friction joint have a significant effect on the slip resistance. 

Up to the limit of the maximum number of indenter that can be fully pressed down into the plates by 

the pre-loading force of the joint bolt, the slip resistance increases in general with number and size of 

indenters. For a number of indenters exceeding the maximum number, the slip resistance does not 

increase further with number of indenters. The slip resistance may even be slightly reduced, compare 

e.g. the curves for 20 (below the limit) and 28 (above the limit) indenters in Figure 7. Somewhat 

surprisingly, this behaviour is in contrast to previous test results[1], in that the slip resistance for all 

tests with 2.5 mm indenters is smaller than for the friction joint with AMA treated plates (no 

indenters). The reason for this difference is most likely that the thickness of the AMA paint layer of 

0.31 mm for each plate simply was too great in relation to the size of the indenters. 

 

An example of the effect of paint layer on the plates in a friction joint upon the effective friction 

coefficient of joint with indenters, supporting the above difference, can be seen by comparing the 

friction coefficients at 0.15 mm slip and 20 stainless steel 2.5 mm diameter indenters per shear plane 

for a) plates with paint,  = 0.196, see Table 3, and b) no paint,  = 0.297, see Figure 12[1] 

(revised now showing number of indenters per shear plane in contrast with its original). The effective 

friction coefficient is reduced by the paint layer, in this case the “painted” value to some 65 % of the 

plain, “not painted” value. 

 



 

 

 

 

 

 

 
Figure 12 Friction coefficient versus number of indenters 

per shear plane, pre-loading force 320 kN and 0.15 mm slip. 

 

In the test series with different indenter size, the slip resistance beyond 0.1 mm slip was found to 

increase more rapidly for larger indenters, further, no significant effects due to indenter size were 

observed. Possibly a somewhat smaller slip resistance for the 2.5 mm indenter, shown in Figure 8, but 

it may be due to the size of the indenter in comparison to the thickness of the paint layer. 

 

Both earlier and present tests series show that traditional friction connections without indenters are 

instable in the sense that slip resistance, after initial slip corresponding to the maximum slip resistance, 

decreases for further slip. This means that overloading of a traditional friction joint is accompanied by 

unlimited slip and thus no safety against overloading exists. The same applies to connections with or 

without surface treatments, such as paint layer. For friction joints with indenters, on the other hand, the 

slip resistance increases monotonously for slip up to the order of mm. Overloading (in relation to a 

design load) is simply accommodated by some small slip increment. A joint with indenters is thus 

stable and offers safety against (not too great) overloads. In applications where a friction connection 

may be subject to overloading, the connection for safety should be provided with an appropriate 

number of indenters since this type of friction connection is stable as slip resistance increases with slip 

length. 

 

One of the main tasks of the European R&D project PROLIFE was to develop a friction joint 

suitable for connecting bottom flanges of beams in (new or existing) bridges with trusses in order to 

obtain a box-like structure. This particular design requires, among other properties, stable truss-flange 

joints, which condition disqualifies traditional friction joints. The indenter friction joint, on the other 

hand, is stable, at least under static loading, and is therefore a candidate of great potential for this kind 

of truss-flange joint application. Furthermore, if the removal of old paint and repaint of the bottom 

flange for traditional friction joint could be avoided, both money is saved and sometimes the efforts to 

obtain permission from the relevant authorities for such work in sensible environments is avoided. 

However, the behaviour of indenter friction joints under fatigue loading, as well as the aspects of 

corrosion, remain to be explored and is the subject of further studies. 

 

For the test with 5 mm stainless steel indenters a friction coefficient of 2.0 = 0.40 was reached at a 

slip of 2.0 mm and the friction resistance was still increasing in contrast to the AMA treated plates 

without indenters for which a friction coefficient of 0.15 = 0.25 was obtained and the slip resistance 

reached its maximum at a slip of 0.15 mm and did not increases thereafter. 

 

Further, with the plain “blasted plates” tests (without indenters) a friction coefficient of max = 0.50 

was obtained at 0.1 mm slip, with however a rapidly decreasing slip resistance after the initial slip. 



 

 

 

 

 

 

Under controlled displacement condition the friction coefficients of 0.5 = 0.42 and 1.0 = 0.38 were 

obtained for further slip, needless to say that this means that this joint type is unstable under controlled 

load conditions. The results show that indenter friction joints are at least as good as traditional friction 

joints regarding slip resistance, but, in comparison with traditional friction joints they offer stability 

and thus safety against overloading. 

 

The accumulated experience from the test series with too many indenters (to be fully pressed down 

into the plates by the pre-loading force of the joint bolt) and from test series with aluminium oxide 

indenters, both earlier and new additional test series, indicates that there exists an upper, practical limit 

or maximum number of indenters to be effective in a joint, Figure 11. Based on all results of the 

aluminium oxide indenter test series, for a connection of this type with joint bolt pre-load of 320 kN, 

the optimal number of indenters is around 6-10 indenters per shear plane and offers a slip resistance 

around 160 kN for 0.15 mm slip. This can be compared with the maximum number of 2.5 mm 

stainless steel indenter test series with and without paint layer, were the slip resistance reaches around 

100 kN with paint (22 indenters and a pre-load of 240 kN) and 250 kN[1] without paint (29 indenters 

and a pre-load of 320 kN). The optimal number of indenters applies to the case studied here, but will 

of course vary with e.g. the pre-loading force, the diameter of the indenters and the properties of steel 

plates being connected. 
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