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Abstract 

Mechanical reinforcement couplers can offer considerable constructional and economic advantages 

in comparison with conventional methods of lap splicing, particularly when the requirements for 

seismic detailing exacerbates reinforcement congestion problems. However, the lack of specific 

codified guidance on ductility considerations hinders the application of mechanical couplers under 

inelastic conditions. To this end, this brief paper provides an overview of various reinforcement 

coupling systems, as well as a comparative assessment of their ‘in-air’ and ‘in-concrete’ 

performance, based on results extracted from a collated database. The main behavioural 

characteristics of different coupler forms are discussed, and their key performance parameters are 

compared. In addition to strength and ductility, the influence of the coupler size and arrangement on 

the ductility of structural members is discussed. The comparative assessments presented offer some 

guidance for the selection and application of mechanical reinforcement couplers in inelastic regions, 

and highlights areas in which further detailed investigations are required. 

1. Introduction 

The construction industry is making ever-increasing use of mechanical couplers for reinforcement 

due to their respective merits compared to lap splices. The use of mechanical couplers can lead to 

significant reduction in reinforcement congestion in reinforced concrete (RC) structures, and they 

also offer the added benefit of facilitating site assembly in the case of precast concrete (PC). With 

typical reinforcement lapping, significant savings in materials can be made, normally more than 

offsetting the cost of mechanical couplers, and considerable enhancement in the speed of 

construction can be achieved. 

The problem of reinforcement congestion becomes particularly challenging for ductile seismic 

detailing. Additionally, the significant lapping lengths and other codified detailing requirements for 

inelastic regions can often inadvertently alter the deformation capacity. Mechanical couplers can 

therefore offer an attractive alternative that alleviates the drawbacks of conventional reinforcement 

splicing. Nevertheless, although couplers are not specifically prohibited in most seismic codes, the 

lack of reliable information on their inelastic performance significantly inhibits their utilisation. 

Testing protocols for couplers (e.g. ISO 15835-1:2009)1 typically focus on the elastic slip, fatigue 

and strength considerations, using idealised ‘in-air’ uniaxial tests on reinforcement-coupler 

arrangements.  
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The European seismic code, Eurocode 82, stipulates that the use of mechanical couplers for 

reinforcement bar (rebar) splicing in dissipative zones needs to be verified by testing under 

conditions compatible with the selected ductility class (i.e. medium ductility: DCM, or high 

ductility: DCH). Depending on the ductility class of the structure, reinforcement Class B (minimum 

ultimate-to-yield ratio fu,b/fy,b of 1.08, and minimum elongation uk,b of 5.0%) or Class C (minimum 

fu,b/fy,b of 1.15, and minimum uk,b of 7.5%) may be used. For structures classified in DCM, 

reinforcement Class B and C are allowed, whilst for structures in DCH, the reinforcement grade is 

restricted to Class C. Accordingly, the ductility levels provided by reinforcement incorporating 

mechanical couplers should be a key parameter for evaluation. The actual performance in concrete 

can also be influenced by the shape of the couplers, with more compact forms mitigating possible 

stress concentration effects.  

Using a collated database of more than 350 tests extracted from the literature, this paper provides a 

comparative assessment of the performance of different types of mechanical coupling systems. The 

review includes uniaxial ‘in-air’ response and, where available, embedded ‘in-concrete’ behaviour. 

Key performance characteristics related to strength, ductility and size of mechanical splices in 

comparison with reference non-spliced bars are examined. Within the scope of the results 

considered, this comparative assessment offers some guidance for the selection and application of 

mechanical reinforcement couplers in inelastic regions. 

2. Reinforcement coupling systems 

Different types of mechanical reinforcement coupling systems can be broadly classified as either 

‘threaded’, ‘swaged’, ‘bolt-lock’, ‘grouted sleeve’ or ‘headed’ couplers, as illustrated schematically 

in Figure 1 and discussed below. 

A threaded-rebar coupling system (TC) consists of standard sleeves with rolled-on grooves that 

have matching internal threads with the rebar, and forces are transferred by direct thread bearing. 

Parallel threaded couplers (PTC) are manufactured either by friction-welding or cold-forging of 

circular heads which are subsequently threaded. Alternatively, tapered threaded couplers (TTC) can 

be used in which, after grinding of the ribs, the rebars are threaded by rolling. Generally, PTCs have 

the same cross-section at threads as the original rebar, whilst TTCs have reduced cross-section size 

at threads. Both PTC and TTC benefit from relatively rapid installation since they can be assembled 

using a hand wrench.  

Swaged couplers (SWC) are cold-forged splices consisting of mild steel sleeves placed over the 

ends of ribbed rebars and swaged on by means of a portable hydraulic press. From this process, the 

steel sleeve takes the shape of the deformed rebar and, when subjected to load, the formed dents 

interlock with the rebar ribs. Another variation makes use of an offset wedge (OSWG) within a 

wide sleeve allowing bars to be lapped. Swaged couplers benefit from the ease of site installation, 

and are also convenient for repair cases. Mixed systems which combine factory swaging of mild 

steel sleeves provided with parallel (PTSC) or tapered threads (TTSC) also exist. Factory swaging 

can facilitate installation, and assembly can be carried out manually. Systems incorporating 

threaded bars benefit from higher quality control due to their semi-automatic workshop production. 
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Another system which consists of separately machined coupler parts with rolled self-locking taper 

threads resulting from welded heads is also available (TTWC). 

Shear bolt lock couplers (BLC), which are typically used for retrofitting, consist of a circular-

shaped steel sleeve provided with holes for hexagonal head-lock shear bolts aligned along the 

longitudinal axis of the protruding rebars with equal lengths. The shear bolts may be tightened, 

using a hand or pneumatic wrench until their heads shear off. Forces from the shear bolts create 

deformations in the form of a wedge onto the rebar. The load is transferred between the two joined 

rebars through the interlocking wedge action. Similar systems, relying on the shear bolts-rebar 

interlock, are the offset bolt lock couplers (OBLC) in which the rebars are lapped in the sleeve.  

Grouted sleeve couplers (GSC) include a cast-iron sleeve provided with high-strength non-shrink 

grout which is used to connect the rebars. This system takes advantage of the bond between the 

grout and rebar as well as the confining effect of the sleeve. The sleeves are provided with internal 

ribs which offer supplementary bearing mechanisms, as well as with rebar guides and stoppers to 

improve the assembly process. Systems consisting of ductile iron sleeves connecting two rebars, by 

using a tapered thread at one end and wet grout at the other end (TTC/GSC), are particularly 

attractive in precast construction. The threaded rebar is assembled at the factory, whilst the grouted 

end is inserted on site followed by injection of non-shrink mortar. 

Other forms, such as the upset headed coupler (UHC) create connectivity between rebars through a 

steel collar assembly, composed of threaded male and female coupling parts in which tension is 

transferred through the steel collar and compression is transferred through the heads. On the other 

hand, metal filled couplers (MFC) create a connection that interlocks the rebars together in a steel 

sleeve through the molten metal filler. Other couplers which rely on mechanical interlock include 

rib-thread couplers (RTC) in which the sleeve is provided with internal ribs matching the rib 

configuration of the rebar. RTC splices allow full contact coupling between components through 

grouting of high-flow mortar.  

3. Performance criteria 

A detailed comparative assessment was carried out on existing sets of ‘in-air’ tests on couplers in 

order to determine their performance in terms of strength and ductility3. The results from tests on a 

total of 511 specimens, of which 244 were mechanical interlock-type (UHC, PTC, TTC, RTC, 

BLC, OBLC, SWC, OSWC, MFC) and the remaining 267 were grouted sleeve couplers (GSC), 

were compared in terms of static, as well as cyclic response where available. The typical monotonic 

and cyclic stress-strain response is shown schematically in Figure 2. Grouted sleeve samples which 

failed due to a bar or grout pull-out were removed (155 samples) as bond failure occurred prior to 

fracture of reinforcement, at lower strengths and at large bar displacements, rendering the results 

unreliable. The remaining GSC specimens considered were divided into two categories, depending 

on the manufacturing process, namely: in-house (GSC-N) and commercial (GSC-P).  

The information presented in Table 1 provides a summary of the key characteristics for these 

coupler types in terms of four performance parameters resulting from close examination of the 

results extracted from the collated database: (i) ratio between the ultimate tensile strength of the 
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splice-to-the yield strength of the non-spliced rebar (fu,sp/fy,b), as depicted in Figure 3a; (ii) ratio 

between the ultimate tensile strength of the splice to the ultimate tensile strength of the bar (fu,sp/fu,b) 

as illustrated in Figure 3b, (iii) ultimate strain ratio between spliced and non-spliced rebar (εu,sp/εu,b), 

as shown in Figure 3c, and; (iv) a size factor as shown in Figure 3d (which can play a significant 

role when the coupler is embedded in concrete, as discussed below). The average ratios, the 

standard deviation in the form of error bars, and the number of samples used to assess these factors 

are presented. The average values indicate a safety margin from unity, while the standard deviation 

may be interpreted as a reliability indicator.  

Close inspection of the database results indicates that the full strength criteria based on ultimate 

strength as depicted in Figure 3b (i.e. fu,sp>fu,b) is rarely met, but it is typically met for all coupler 

types when it is based on yield strength (i.e. fu,sp>fy,b). Additionally, the ductility criteria, expressed 

in the form of εu,sp/εu,b shows a clear difference in the performance of the different coupling systems 

considered. It may be observed that the most favourable performance seems to be provided by PTC, 

whilst the lowest ratio is shown for offset couplers (i.e. OBLC and OSWC). Hence, for typical steel 

materials, mechanical splices with ductility ratios above about 0.65 (see Figure 4a) are likely to 

meet the ductility criteria for rebars, as imposed by Eurocode 24 and Eurocode 82 for DCM, when 

Class C reinforcement is used. On the other hand, other couplers which do not satisfy this level of 

ductility ratio would seem unsuitable for members subjected to significant inelastic demands. 

However, for members in DCH2, reinforcement with εu,b >12% in conjunction with εu,sp/εu,b > 0.65 

or equivalent (i.e. lower εu,b combined with higher εu,sp/εu,b ratio or vice-versa), should be employed. 

Hence, the actual ductility of the reinforcement bars εu,b must be examined with respect to the 

ductility ratio of the mechanical splice (εu,sp/εu,b) in order to satisfy the minimum requirements 

imposed by design codes for different reinforcement and design classes. 

4. Member behaviour 

When embedded in concrete, the concrete confinement restricts sleeve dilation and may improve 

coupler performance. However, the complex concrete-reinforcement-coupler bond interactions can 

play a significant role in the local deformation response of a member. For example, for long and 

rigid couplers such as GSC and BLC, the inelastic deformations would tend to concentrate at the 

extremities of the coupler, hence modifying the plastic hinge mechanism and affecting the rotation 

capacity5,6. It is therefore important to classify different couplers based on their geometry, which is 

depicted in Figure 3c using a proposed size/bulkiness factor derived for 363 mechanical splices 

collected within the database. 

This suggested size factor is represented by the product of the diameter and length of the coupler 

(dc×Lc) and the length of the coupler region (Lcr= Lc+4×db), where (db) is the original rebar 

diameter1. Couplers with size factors around 1.00, grouped towards the left-hand side of Figure 4b 

(e.g. PTC, TTC, UHC), are generally small and compact. In contrast, couplers with size factors 

approahing 2.00 (e.g. BLC, GSC-P) are relatively long and rigid. Using the size factor as a 

comparative measure, coupling systems with size factors around or below 1.00 may be preferred in 

dissipative zones if the elastic slip (primarily related to serviceability), strength criterion and 

ductility criterion, required for the specific design case, are met.  
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The relationship between the coupler-to-rebar diameter ratio dco/db and the displacement ductility 

ratio μδ,co/μδ,cs for RC members incorporating rebar couplers and subjected to reversed cyclic 

action5-12, is depicted in Figure 5. Paramter μδ,co represents the ratio between the ultimate δu to yield 

δy displacement of the member with couplers, whilst μδ,cs represents the same measure for the 

reference cast in situ members, all subjected to reversed cyclic loading. Values of μδ,co/μδ,cs below 

unity indicate a reduction in ductility due to the presence of couplers, whilst values above unity 

represents an increase in ductility. This information is extracted from test results available in the 

literature, although it should be noted that there is a relative dearth of detailed experimental 

investigations in which couplers embedded in concrete have been examined under significant 

inelastic conditions. As shown in Figure 5, some enhancement in response is observed for the BLC 

and RTC cases. In the case of BLC, the coupling system acted as additional reinforcement, hence 

enhancing the cross-section capacity and delaying failure5. On the other hand, for members with 

RTC couplers, the poor interlock at the coarse coupler-rebar thread led to rebar slippage inside the 

coupler9. Such dissipation mechanisms may become unreliable and incontrollable when significant 

non-linear behaviour develops in plastic hinges. 

In most of the cases depicted in Figure 5, members incorporating couplers exhibited reduced 

performance. In the case of GSC, the displacement ductility was reduced by up to 50% or more, 

primarily due to slip between the rebar and the grout. Also, intrinsic stress concentrations at the 

shear bolts in BLC systems can result in unreliable embedded behaviour under cyclic loads, with 

the decrease in displacement ductility reaching up to 60%5. In contrast to GSC and BLC, small 

sized couplers such as PTC and UHC seem to have a minimal influence on the behaviour6 although, 

as noted before, this is based on limited test results. As shown in Figure 5, UHC members had the 

smallest reduction in displacement ductility within about 10%. Based on the observations from 

Figure 5a, in conjunction with those from Figure 4a, RC members incorporating coupling systems 

which exhibit a favourable balance of ‘in-air ductility’ and ‘size-bulkiness’ parameters, are 

expected to offer more reliable inelastic performance. 

5. Concluding summary 

A comparative assessment, based on results extracted from over 350 in-air tests, was carried out to 

obtain an insight into the main characteristics of mechanical reinforcement splices with respect to 

strength, ductility and geometry. An evaluation of key ductility-related parameters for coupling 

systems, in combination with the reinforcement class specifications in the structural Eurocodes, 

points to the need for further detailed investigations since high ductility demands may not be met in 

many cases. Additionally, based on the concrete-reinforcement-coupler bond interactions as well as 

information obtained from the limited available RC member tests, it is noted that the inelastic cyclic 

performance of mechanical couplers would also be significantly influenced by the geometry of the 

coupling system. RC members incorporating coupling systems which exhibit a favourable balance 

of ‘in-air ductility’ and ‘size-bulkiness’ parameters, are expected to offer more reliable inelastic 

performance. The observations and performance parameters discussed in this paper may be used as 

a basis for developing specific and quantified provisions for the selection and implementation of 

mechanical reinforcement couplers in inelastic seismic design applications. 
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Nomenclature 

δy - member yield displacement 

δu - member ultimate displacement 

εu,sp - ultimate strain in splice  

εu,b - ultimate strain in non-spliced rebar 

εuk,b - ultimate characteristic strain in non-spliced 

rebar 

μδ,i = δy,i/ δu,i – displacement ductility factor  

db - original rebar diameter 

dc – diameter of the coupler 

fu,sp - ultimate tensile strength of the splice 

fy,b - yield strength of the non-spliced rebar 

fu,b - ultimate strength of the non-spliced rebar 

Lc - length of the coupler  

Lcr - length of the coupler region 

Subscripts 

b - bar 

c - coupler 

sp - splice 

co - member with couplers 

cs - cast-in-situ member 
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Figures  

 

 

 

 

Figure 1 Coupler systems: (Threaded: PTC Parallel threaded, TTC Taper threaded, PTSC Cold 

forged sleeve with parallel threads, TTSC Cold forged sleeve with taper threads, TTWC 

Taper threads from welded heads; (Swaged: SWC Swaged, OSWC Offset wedge swaged, 

BLC Bolt lock, OBLC Offset bolt lock); (Grouted: GSC Grouted sleeve, TTC/GSC 

Taper threaded-Grouted sleeve; (Other systems: UHC Upset headed, MFC Metal filled, 

RTC Rib thread) 

 

 

 

 
 

Figure 2. Typical stress-strain response for mechanical splices subjected to static or cyclic loading 

regimes conforming to ISO 15835-1:20091 
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Figure 3 Comparative performance of mechanical splices: a) strength at yield - fu,sp/fy,b; b) strength 

at ultimate - fu,sp/fu,b, c) ductility - εu,sp/εu,b; d) size - dcLc/dbLcr; (PTC* includes PTC and 

PTSC; TTC* includes TTC and TTSC); 
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Figure 4   Hierarchical performance of mechanical splices: a) ductility - εu,sp/εu,b, b) size - dcLc/dbLcr  

 

 

 

 

Figure 5   Relationship between coupler size ratio and displacement ductility ratio 
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Tables 

 

Table 1a Summary of performance parameters for different reinforcement coupling systems: 

strength ratio at yield fu,sp/fy,b and at ultimate fu,sp/fu,b 

 
 (A) fu,sp/fy,b (-) (B) fu,sp/fu,b (-) 

 Static Cyclic Static Cyclic 
 A S N A S N A S N A S N 

UHC 1.48 ±0.15 15 1.38 ±0.01 2 0.99 ±0.05 15 0.99 ±0.01 2 

PTC 1.33 ±0.09 43 1.17 ±0.01 30 0.99 ±0.03 43 0.99 ±0.01 30 

TTC 1.32 ±0.20 17 - - - 0.88 ±0.08 17    

RTC 1.47 ±0.00 2 1.27 - 3 1.00 - 2    

BLC 1.28 ±0.19 98 1.53 ±0.14 16 0.84 ±0.18 101 0.98 ±0.09 16 

OBLC 1.36 ±0.25 18 - - - 0.90 ±0.05 18    

SWC 1.53 ±0.11 28 1.61 ±0.02 8 0.98 ±0.02 25 0.98 ±0.02 8 

OSWC 1.28 ±0.11 15 - - - 0.80 ±0.07 15    

MFC 1.36 ±0.10 4 - - - 0.97 ±0.03 4    

GSC-N 1.15 ±0.21 84 1.04 - - 0.92 ±0.17 54 0.84  1 

GSC-P 1.48 ±0.14 28 1.47 - 1 0.97 ±0.04 16 0.89  1 

Total 

samples 
  352   60   310   58 

A: average; S: standard deviation; N: number of samples 

 

 

 Table 1b Summary of performance parameters for different reinforcement coupling systems: 

ductility ratio εu,sp/εu,b and size ratio dcLc/dbLcr 

 

  (C) εu,sp/εu,b (-) (D) dcLc/(dbLcr) (-) 

  Static Cyclic       

  A S N A S N A S N 

UHC 0.65 ±0.29 12 - - - 0.92 ±0.01 17 

PTC 0.81 ±0.17 9 0.79 ±0.08 30 0.90 ±0.29 73 

TTC 0.60 ±0.50 9 - - - 0.85 ±0.24 15 

RTC 0.54 ±0.01 2 - - - 0.85 ±0.24 15 

BLC 0.24 ±0.08 9 0.58 ±0.44 6 1.84 ±0.36 117 

OBLC 0.09 ±0.00 5 - - - 1.75 ±0.31 18 

SWC 0.74 ±0.06 12 0.70 ±0.01 6 1.09 ±0.06 33 

OSWC 0.08 ±0.00 5 - - - 1.56 ±0.08 15 

MFC - - - - - - 0.91 ±0.06 4 

GSC-N 0.74 ±0.23 47 - - - 2.89 ±0.80 84 

GSC-P 0.64 ±0.35 12 - - - 1.88 ±0.30 28 

Total 

samples 
   122 

  
42 

   
419 

A: average; S: standard deviation; N: number of samples 


