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Abstract. Conceptual design of bridges has evolved rapidly during the last ten years and new, 
efficient and cost effective design schemes have been introduced in practice. Use of shear keys, 
as an active seismic link, is not prohibited in current codes. However, the major concern of 
having the shear keys damaged one-by-one due to their asynchronous participation still re-
mains an open issue. As such, shear keys are typically used to prevent potential span unseat-
ing. Shear keys, also known in European literature as seismic links or stoppers, are stub RC 
structural elements. A capacity design procedure is provided for these elements, to safeguard 
the support of the deck. Design of shear keys engineering is an open issue in contemporary 
bridge. Current state-of-the-art deals with the efficient use of reinforcements, while practi-
tioner engineers dealt with the seismic role of these elements and have proposed different ma-
terials for the design of stoppers and/or different reinforcement materials, since sacrificial 
shear keys can respond as structural fuses to limit the demand of the piers. Shear keys, 
whether they receive seismic actions or not -the last referring to the case in which keys are 
utilized to avoid the common unseating of the spans- have peculiar response and unconven-
tional reinforcement requirements due to their loading. Simultaneously, their geometry and 
size is restricted due to bridge’s esthetics. Hence, stoppers are relatively small and stub con-
crete “blocks”, which are expected to receive reliably and safely large pounding forces. In 
this framework, two alternative reinforcement layouts with transverse hairpin bars were as-
sessed. The efficiency of the proposed reinforcement was assessed by comparing the above 
rebar with the state-of-practice shear key reinforcements. The required hairpin reinforcement 
ratio was then evaluated through an analytical procedure that accounted for the relation be-
tween the reinforcement hairpin ratio vs the capacity of the shear keys. The procedure indi-
cated the most appropriate reinforcement ratio for a required capacity of the stopper. The 
study proposes the reinforcement of the stoppers with additional diagonal rebar. Conclusions 
are drawn based on the analytical models and the experimental campaign. 
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1 INTRODUCTION 

Conceptual design of earthquake resistant bridges has evolved rapidly during the last ten 
years. New design concepts based on hybrid earthquake resisting concepts [1][2][3][4][5], 
seismic isolation [6][7], integral and semi-integral lateral resisting systems [8][9] have been 
introduced in modern bridge designs. Within this evolution, a noiseless but practically sus-
tainable philosophy has been established. The philosophy is based on the design of bridges in 
which serviceability movements of the deck are tackled with isolation bearings, while central 
piers that are less susceptible to constraint movements due to creep and shrinkage, are ex-
pected to receive seismic loading and provide ductility to the structure. This concept is 
deemed to be enhanced by the use of seismically active shear keys, in the sense that appropri-
ate gaps may be left between the superstructure and the bents to provide space for deck’s 
“breath” (i.e. contraction and expansion), while in case of large longitudinal loading, the shear 
keys may restrain movements. 

Shear keys serve to restrain the deck displacements in either the longitudinal or transverse 
direction of the bridge. These devices are typically reinforced concrete blocks provided at 
each bearing location. They have found to be more effective in protecting bearing vulnerabil-
ity in the transverse direction of the bridge [10]. However, Eurocode 8-2 (2005) [11] allows 
the use of the so-called seismic links (shear keys) also in the longitudinal direction, as means 
to reduce the seismic displacements of the deck and to minimize the potential of span unseat-
ing in case insufficient seat lengths are used [12]. Many different designs have been proposed 
in the past for the shear keys. Ghosh et al [13] have tested rigid stopper devices, yielding 
stoppers, steel restrainers, and superelastic shape memory alloy (SMA) shear keys. A study on 
the seismic performance of girder bridges equipped with bi-directional energy-dissipating sac-
rificial devices have been performed by Kwang et al. [14]. Different design approaches of 
these elements have been proposed in the past by other researchers [15] [16] [17]. Current 
codes [11] [18] [19] [20] place the focus on the prevention of falling off the superstructure 
and no attention is given to the prevention of the failure and the reinforcements of the stop-
pers itself. However, further advances on appropriate methods and devices of preventing ‘dis-
lodgement’ or ‘unseating’ of the superstructure in the event of severe ground shaking have 
been established. These ideas can be used in economical earthquake resistant design of bridg-
es as stated by [21][22]. In that case stoppers must be appropriately designed. Correct design 
of stoppers should include not only reinforcements, as shear keys shall be designed for the 
axial and shear forces associated with the column’s overstrength moment including the effects 
of overturning, but also a correct estimation of the effective width that should be taken into 
account when calculating the capacity of the pier cap beam especially in bridges with ham-
merhead piers. 

In this framework, two alternative reinforcement layouts with transverse hairpin bars were 
assessed. The efficiency of the proposed reinforcement was assessed by comparing the above 
rebar with the current/state-of-practice shear keys reinforcements based on Eurocode 8-2 [11] 
and other researchers [23][24] that is based on the sliding shear and the diagonal tension. The 
required hairpin reinforcement ratio was then evaluated through an analytical procedure that 
accounted for the relation between the reinforcement hairpin ratio vs the capacity of the shear 
keys. The procedure indicated the most appropriate reinforcement ratio for a required capacity 
of the stopper. The study proposes the reinforcement of the stoppers with additional diagonal 
rebar. Conclusions are drawn based on the analytical models and the experimental campaign. 
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2 TYPICAL EXAMPLES OF SHORT AND VERY SHORT STRUCTURAL 
ELEMENTS-THE PROBLEM OF EFFECTIVE WIDTH 

Figure 1 shows different typical cases of short cantilevers used in practice. Such structural 
elements are met in most bridge structures either in end supports (Figure 1a), longitudinal 
stoppers installed at the abutments (Figure 1b) or intermediate supports of beams above the 
piers (Figure 1c). In that case the effective width of the structural elements should be deter-
mined, as the calculation of the effective width based on codes does not cover such cases for 
two distinct reasons: (a) the loads imposed at the short elements illustrated at Figures 1a, b 
and c are concentrated and as such the typical calculation of the effective width that corre-
spond to distributed loads is not considered to be appropriate and (b) loading of the these ele-
ments is either static, dynamic or pounding-type (extremely dynamic) loading that may lead 
to different effective widths. For example the imposition of load on the shear keys is ex-
tremely dynamic. 

α

d

shear key restricting longitudinal 
deck movements (short cantilever)

seating of the deck at the pier 
through short cantilevers

backfill soil

deck

shear key
seating of the deck 
through short cantilever

seating of the deck at the abutment
through short cantilever  

(a) (b) (c) 

Figure 1: Three typical cases where short cantilevers are used in practice and their effective width should be cal-
culated, (examples of short and very short cantilevers). 

Figure 2 illustrates shear keys at the abutments and at the piers. Use of shear keys is com-
mon at the abutments. Figure 2a shows the a typical shear key that restrains transverse move-
ments at the abutments, while Figure 2b shows in detail the reinforcements used at such shear 
keys. An elastomeric bearing is interjected between the deck and the shear keys in order to 
increase the duration of pounding and hence to reduce effectively the magnitude of potential 
pounding forces during an earthquake. High reinforcement ratios, including both longitudinal 
and transverse-hairpin bars, cause congestion of steel within the shear keys. Another issue is 
the structural joint left between the shear key and the cap-beam, as the cap beam is casted 
prior to the construction of the shear keys.  

Figure 2c, d and e show the use of shear keys at bridge piers. Two different types of shear 
keys can be found in contemporary bridges: (a) seismically inactive shear keys shown in Fig-
ures 2c and d having a large gap between the superstructure and the piers. Seismically inac-
tive shear keys are typically used to prevent span unseating of the deck. (b) Seismically active 
shear keys shown in Figure 2e. Active shear keys are designed to allow for serviceability deck 
movements, due to creep, shrinkage and thermal effects, while during an earthquake shear 
keys transmit the seismic actions to the piers. 
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Figure 2: Typical shear keys at the abutment and at the pier. 

3 EXPERIMENTAL CAMPAIGN  

3.1 The specimens  

An extended experimental campaign was had taken place in the Laboratory of Reinforced 
Concrete Structures. Both the rebar’s requirements and its efficiency in enhancing the capaci-
ty of the shear keys were considered to be significant for the seismic response of the shear 
keys. Effective widths of the shear keys was calculated based on the experiments and com-
pared to the ones given in current code design [25]. Shear key’s reinforcements and loading 
pattern influences strongly their effective width that in turns reflects on their design, i.e. the 
selection of their cross section and reinforcements. It is noted that the integrity of these ele-
ments is essential as on the one hand the seating beams illustrated at the Figure 1c above 
(short seating cantilevers) are required to resist to vertical and lateral loading of the deck so 
that span unseating is prevented. On the other hand, the stoppers should be designed to restrict 
large deck movements and they should block primarily deck’s fall-off and dislodgment during 
severe seismic motions. Figure 3 illustrates the two different specimen types that were exper-
imentally tested. The first type of specimen corresponds to flexible elements, having a shear 
ratio as=1, while on the right side of Figure 3 a specimen having predominantly shear re-
sponse (as=0.4) is illustrated. Figure 3 shows the cross section of the specimen, while longitu-
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dinal dimension of the specimens was 600mm. This paper emphasized on the second type of 
shear keys, which are the most common ones met in bridge structures. 
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Figure 3: Cross sections of the specimen (a) short cantilever with shear ratio αs=1 and (b) very short cantilever 
with αs=0.4 referring to shear keys. 

3.2 Loading  

Loading is shown in Figure 4. The shear keys are considered to be extended along the total 
transverse width of the seating beam. Different types of loading were imposed to the speci-
men. The specimens were initially being loaded to the total length that is 600mm. This case 
represented the total capacity of the shear key and corresponds to the maximum load that the 
shear key can receive. This loading represents the ideal case that a bridge is subjected to lon-
gitudinal seismic motion, i.e. no out of plane rotations of the deck are expected. Then differ-
ent lengths (see dimension α in Figure 4c) of the shear key were tested to identify different 
effective widths of the shear key. Additionally, different loading areas we also tested, as on 
the one hand the total load was applied in the central part of the specimen, as shown in Figure 
4c and 4d, while specimens having been loaded at their ends were also tested (as shown in 
Figure 4e). Short cantilevers having shear ratio αs=0.4 as well as flexural shear keys having 
shear ratio αs=1 were tested. To take into account the fact that not all of the height of the shear 
key is loaded, the load was applied along different widths (distance b in Figure 4c) ranging 
from 50mm to 100mm. Loading of the shear keys is not applied to all of its height due to the 
fact that between the pier cap and the superstructure a bearing with a considerable height (typ-
ically between 50 to 200mm including the preparatory concrete slabs) is interjected and raises 
the level of the superstructure with respect the pier-cap. Hence, the shear key, which is fixed 
at the pier cap, receives at its upper part the loading of the superstructure. To model this effect, 
i.e. the potential loading of the shear keys at different heights, different widths of loading 
were applied to the specimen (width of loading b is shown in Figure 4c). Part of the results of 
the extended experimental campaign is shown in this paper. Emphasis was placed on the case 
where α=150mm and b=50mm, while both the outcomes of the central (Figure 4c and 4d) and 
end loading (shown in Figure 4e) are given. 

Effective width was calculated by comparing the capacity of the shear keys when the total 
length (600mm) of the shear was loaded to the one that was experimentally extracted when a 
smaller loading width α=150mm was adopted. The latter case, i.e. the loading of 150mm of 
the specimen, yielded a capacity that was smaller than the one found for the α=600mm load-
ing width. However, the first load, which corresponds to α=150mm was not 600/150=4 times 
smaller due to the development of the effective width of the shear keys. Hence, additional 
loading was deemed to be due to the effective width. The loading shown in Figure 4c and d 
are expected to reveal what is the effective width of the stoppers when both sides of the shear 
key are activated, while the loading shown in Figure 4e corresponds to the case that the shear 

Stergios A. Mitoulis, Ioannis A. Tegos and Andreas Malekakis 

1029



Stergios A. Mitoulis, Ioannis A. Tegos and Andreas Malekakis 

key is expected to be assisted by one-side effective widths and corresponds to the case where 
end sacrificial keys are used, i.e. shear keys installed at the ends of the cap-beams. 
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Figure 4: The loading of the specimens: (a) cross section of the specimen and loading; (b) uniform loading to 
obtain the maximum shear key capacity, (c) loading at half (1/2) of the specimen’s length, distances α and b of 
the loading are shown in this figure, (d) loading at a quarter (1/4) of the specimen’s length; (e) loading at the 

quarters (1/4+1/4) ends of the specimen. 

Figures 5 to 10 illustrate different designs attempted for the shear keys. Different tests 
were aimed at identifying what are the most efficient reinforcements in enhancing both the 
capacity and the effective width of the shear key. A total of twelve different tests are illustrat-
ed in this paper. Figure 5 shows a picture of the specimen reinforcements. Thirteen hairpin 
shear reinforcements having a diameter 8mm (13Ø8) were used in this specimen, while no 
significant longitudinal reinforcements were used in this case. Five “floors” of reinforcements 
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were used in the height of the stopper to enhance the capacity of the shear key. Figure 6 illus-
trates the reinforcement layout of a different specimen having both hairpin reinforcements and 
strong longitudinal (along the 600mm length of the specimen) reinforcements. Figures 6 to 11 
illustrate all the different specimens tested in the laboratory. Reinforcement layout and geom-
etries are also given in detail.  

 

 

Figure 5: Sample of the reinforcments of the shear keys. 
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Figure 6. Reinforcement layout and geometry of specimen 1 (Specimen code 3.1 - loading at 1/4 of the length). 

4 RESULTS  

Figures 12 to 17 and the embedded tables illustrate the results of the experimental cam-
paign. The maximum load recorded at all the tests was recorded. The black lines illustrate the 
maximum capacity of the shhear keys reached when the loading was uniform along the 
longitudinal 600mm length of the specimen. The gray lines illustrate the capcity of specimen 
with identical geometries and reinforcments, but for a loading corresponding to a part of the 
longitudinal dimension l=600mm of the specimen, i.e. l/4 at the mid-span (central part of the 
specimen) or l/4+l/4, i.e. the quarters of the specimen’s ends as shown in Figure 4e.  
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Figure 7. Reinforcement layout and geometry of specimen 2 (Specimen code 3.2 - loading at 1/4 of the length) 
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Figure 8. Reinforcement layout and geometry of specimen 3 (Specimen code 3.3 - loading at 1/4 of the length). 

Figure 12 shows the recorded capacity vs displacement of the first specimen. Strong hair-
pin reinforcements were used in this specimen. The first column if the table under the figure 
shows the loading length, which is either the total length of the specimen (black line), i.e. 
600mm or a quarter of the specimen’s length (gray line), i.e. 150mm. The second column of 
the table shows the capacity per length of the specimen, i.e. the first column divided by 0.6m. 
This quantity is meaningful for the first loading of the specimen, as in the second loading type 
both the l/4 plus the effective width of the specimen are receiving the load. The third column 
indicates the prospected capacity of the specimen. This capacity is meaningful only for the 
second loading (at l/4) of the specimen and shows what would be the prospected capacity of 
the specimen in case no effective width had participated in the total capacity of the specimen. 
Hence, this value is the outcome of the capacity per length of the specimen (column 2) multi-
plied by 150mm, which is the loading width. Accordingly, column 5 shows the additional ef-
fective length, which is the additional capacity (588.60 minus 370.25kN based on the results 
above) divided by 2468.32kN/m. Hence, the width of loading (i.e. 150mm) plus the  addition  
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Figure 9. Reinforcement layout and geometry of specimen 4 (Specimen code 3.4 - loading at 1/4 of the length). 
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Figure 10. Reinforcement layout and geometry of specimen 5 (Specimen code 3.5 - loading at 1/4 of the length). 
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Figure 11. Reinforcement layout and geometry of specimen 6 (Specimen code 3.6 - loading at 1/4 of the length). 
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loading 
length α 

(mm) 
capacity 

(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 
each side 

(m) 

prospected 
angle of 

distribution 
(deg) 

600mm 1530.36 2468.32 - - - - 

150mm 588.60 - 370.25 0.088 0.044 41.5 
Figure 12. Capacity vs displacement of the 1st specimen under loading at l and at l/4 mid-span. 

 

 

loading 
length 
α (mm) 

capacity 
(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 
each side 

(m) 

prospected angle 
of distribution 

(deg) 
600mm 637.65 1028.47 - - - - 

150mm 372.78 - 154.27 0.212 0.106 64.8 
 

Figure 13. Capacity vs displacement of the 2nd specimen under loading at l and at l/4 mid-span. 
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loading 
length α 

(mm) 
capacity 

(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 

each side (m) 

prospected 
angle of 

distribution 
(deg) 

600mm 637.65 1028.47 - - - - 

150mm 539.55 - 154.27 0.375 0.187 75.1 
Figure 14. Capacity vs displacement of the 3rd specimen under loading at l and at l/4 mid-span. 

 

 

loading length 
α (mm) 

capacity 
(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 
each side 

(m) 

prospected 
angle of 

distribution 
(deg) 

600mm 1324.35 2136.05 - - - - 

150mm 304.11 - 320.41 -0.008 -0.004 -4.4 
Figure 15. Capacity vs displacement of the 4th specimen under loading at l and at l/4 end part. 
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loading 
length α 

(mm) 
capacity 

(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 
each side 

(m) 

prospected 
angle of 

distribution 
(deg) 

600mm 0.00 0.00 - - - - 

150mm 716.13 - 304.11 0.000 0.000 0.8 
Figure 16. Capacity vs displacement of the 5th specimen under loading at l and l/4 end part. 

 

 

loading 
length α 

(mm) 
capacity 

(kN) 

capacity 
per 

length 
(kN/m) 

prospected 
capacity 

(kN) 

additional 
effective 
length 

(m) 

additional 
effective 
length at 
each side 

(m) 

prospected angle 
of distribution 

(deg) 
600mm 0.00 0.00 - - - - 

150mm 882.90 - 343.35 0.000 0.000 0.7 
Figure 17. Capacity vs displacement of the 6th specimen under loading at l and l/4 end part. 
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al effective length calculated in column 5 results in the effective length of the specimen that 
receives the loading. Since, the loading in the specimen’s mid-span the additional effective 
length (88mm) is extended at both sides of loading width (150mm). Hence, the additional 
width that participates in receiving the loading at each side is is 88mm/2=44mm and this is 
given in column 6 of the table. Based on the result given in column 6 and taking into account 
the geometry of the specimen it is possible to calculate the inclination of the crack that caused 
the failure of the specimen. This angle also indicates the effective length of the shear key. 
This angle is given in codes equal to 45 deg, however, the experimental campaign revealed 
that this angle can vary based upon the loading type -uniform or concentrated- the geometry 
of the specimen, i.e the shear ratio, and the reinforcement of the shear key. Specimen 1 to 3 
were found to have a clear increase in their effective width, while the angles calculated are 
ranging from 41.5 deg to 75.1 deg, showing that the reinforcements in that case increased the 
effective width of the shear keys. Additionally, the loading of the specimen at the mid-span 
was identified to be a favorable loading condition. Contrarily, the specimens 4 to 6 illustrate a 
poor distribution of action, as it seems that no additional length of the specimens is participat-
ing in receiving loading. Prospected angles of load distribution were found to be either negli-
gible ~1deg or even negative, showing that one the one hand the loading at the end of the 
specimen is an unfavorable loading condition and, on the other hand, the reinforcements in 
these specimen failed to enhance both the capacity and the of the shear keys effective width of 
the shear keys. 

Elaboration on the experimental outcomes, which was also complemented by past experi-
ments, yielded similar force-displacement diagramms. Τhe following analytical equation was 
derived representing the effective width of shear keys:  

                                          b
eff 

= bo + λ · α · l
k
   eq. 1 

where bo is the width of the loading, α is the shear ratio equal to lk/dc where lk is the distance 
of the loading input with respect the fixing joint of the stopper and hc is the height of the shear 
key, λ is the coefficient that was calculated based on the experimental campaign that is equal 
to 1.6 for cantilevers with α≥1, while equals 1.4 for short and very short cantilevers, i.e. when 
α<1. 

5 CONCLUSIONS 

This paper aims at shedding light on the conceptual design of bridges by utilizing seismi-
cally active shear keys that restrain longitudinal seismic movements of the deck, while pro-
viding adequate gaps to let the bridge “breath” under thermal, creep and shrinkage 
movements. Alternative designs of shear keys with different reinforcements and different 
loading patterns were introduced in order to identify on the one hand the efficiency of rein-
forcement layouts on the capacity of the keys and the prospected effective width of the shear 
keys. Outcomes of an extended experimental study were illustrated with emphasis placed on 
keys having a low shear ratio αs=0.4. The following conclusions were drawn: 

 The capacity of the shear keys can be enhanced when utilizing main longitudinal 
reinforcements, additional (secondary) longitudinal reinforcements set at levels 
parallel to the one of the main reinforcements and long hairpin shear reinforce-
ments.  
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 Secondary longitudinal reinforcements were found to increase the effective width 
of the shear key, which is a desirable effect as keys are typically loaded by concen-
trated loads. 

 The distribution of the load does not follow the known 45 degrees mode, which 
means that a revision is needed in case shear keys are loaded under concentrated 
loads, especially when the load in not central. 
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