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Abstract

This paper examines the fundamental uniaxial monotonic and cyclic response of reinforcement bars
connected with threaded mechanical couplers. Based on a survey of available splicing forms, two
types of threaded couplers with different geometric configurations, namely ‘parallel threaded cou-
plers’ and ‘parallel threaded sleeve couplers’ are selected for detailed assessment. An experimental
study consisting of twenty-four bare (in-air) and embedded (in-concrete) specimens incorporating
threaded couplers and non-spliced counterparts, is described. The results enable direct assessment of
strength as well as complete deformation characteristics, including the post-cracking and post-yield
response, for both monotonic and cyclic conditions. After describing the material properties and spec-
imen details, the main observations are reported based on detailed measurements of crack kinematics
including crack width and spacing through a digital image correlation system. Complementary nu-
merical studies, undertaken using nonlinear finite element procedures which are validated against the
tests, enabled supplementary parametric investigations accounting for wider ranges of coupler geom-
etries. The findings show that existing guidelines may be used for assessing the crack width and
spacing, by accounting for the characteristic bond behaviour at the rebar and coupler regions. The
complete deformational response may be obtained by using a suggested stiffness reduction factor that
depends on the coupler geometry. Several ‘in-air’ performance parameters may also be used as a basis

for the selection and implementation of couplers in applications requiring ductile member behaviour.
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1. Introduction

Mechanical couplers for reinforcement splicing are recognised as an effective alternative to lapped
or welded bars in reinforced concrete (RC) members, as these can overcome congestion problems
whilst reducing material and constructional costs [1-6]. The reinforcement congestion becomes par-
ticularly critical for situations in which ductile detailing is necessary. Conventional lap splices can
lead to over-reinforcement of the section, resulting in potential non-ductile response at the spliced
region due to stress localisation at both ends of the lap, hence altering the deformation capacity [7,8].
In comparison to welded laps, mechanical splices are also more practical for site installation. The
performance criteria of these systems are typically determined in terms of elastic slip, fatigue and

strength considerations, using idealised ‘in-air’ uniaxial tests on reinforcement-coupler arrangements
(e.g. [9,10]).

In-air monotonic tests on splices with Parallel Threaded Couplers (PTC) and Taper Threaded Cou-
plers (TTC) show that whilst PTC typically fail outside the coupler region, TTC exhibit inferior per-
formance with premature rebar failure at the threads, or complete strip-out of the threads [11-13].
Monotonic and cyclic tests on Upset Headed Couplers (UHC), indicate that failure occur in the rein-
forcing bar, and occur at significant ductility levels [14]. Swaged couplers (SWC) can exhibit brittle
failure at mid-point of the coupling sleeve [15], in the rebar or gradual slip from sleeves [12]. Shear
bolt lock couplers (BLC) generally exhibit lower strength and strain capacity compared to non-spliced
bars due to fracture of the bars caused by stress concentration under the bolts [16]. Undesirable failure
modes such as strip-out of the bar from the sleeve [17] can occur in offset bolt-lock couplers (OBLC)
and complete slip from the sleeve has been reported in offset wedge swaged couplers (OSWG) tests
[18]. Grouted sleeve couplers (GSC) generally develop full bar strengths, but the ductility of these
splices can be up to 60% lower compared to non-spliced bars due to potential rebar-grout-sleeve slip
[19-21].

Although ‘in-air’ tests are practical due to the simplicity of the testing, these do not represent directly
the embedded ‘in-concrete’ behaviour, as the interaction between the concrete and rebar-coupler as-
sembly may play a significant role in the performance. Also, in tension, the rebar-concrete bond
stresses and reinforcement ratio affects the cracking kinematics, particularly the crack spacing [22].
Besides rebar-concrete adhesion characteristics and rebar-concrete frictional resistance, the bond ca-
pacity is strongly influenced by the surface type of the reinforcement bar (rebar) [23,24]. This aspect
affects the reinforcement stress distribution, bond stress and slip distribution, as well as their inter-
relationships [25]. Most couplers have regular surfaces whilst most reinforcement bar surfaces are

deformed. Additionally, the section size at the coupler is larger than that of the connected rebars,

2



resulting in a change in the local reinforcement ratio and a discontinuity in the member stiffness.
Overall, the length, diameter, and surface conditions of couplers, in relation to those of the bars, may

therefore be expected have a notable influence on the performance of RC members.

A recent comparative assessment of various forms of mechanical reinforcement splices, as illustrated
in Figure 1, was carried out by the authors [26] based on a survey of over 350 ‘in-air’ uniaxial splice
tests considering the strength, ductility and geometry of couplers. It was shown that a strength criteria
based on splice-to-bar ultimate capacity (i.e. fusp>fup) is not normally met in most systems, but is
typically satisfied when based instead on splice-to-bar yield capacity (i.e. fusp>fy). In the absence of
specific guidance for inelastic testing in current standards (e.g. [9]), a ductility criterion for use in
dissipative zones [27] was proposed. This was expressed in the form of splice-to-bar ultimate strain
(€u,sp/eu,), and showed a clear difference between the performance of the coupling systems considered
(Figure 2a) [26]. A ‘size’ parameter (As=dcLc¢/dbLb) Was used to characterise the geometry of the cou-
pling system as shown in Figure 2b [26], where dc and L represent the diameter and length of the
coupler, respectively, whilst d, and Ly are the diameter and effective length of the splice (Lc+4dy),
respectively. In principle, a favourable balance of ‘in-air’ strength and ductility, and low ‘size-bulki-

ness’, would have the potential for offering desirable inelastic ‘in-concrete’ performance.

In this paper, two types of tension-compression couplers, namely parallel threaded couplers (PTC)
and cold forged sleeves with parallel thread couplers (PTSC), were selected for detailed assessment.
In addition to the need in general for inelastic monotonic and cyclic assessment of threaded coupler
systems, tests on RC members incorporating these specific coupler forms seem to be lacking. Uniaxial
monotonic and cyclic ‘in-air’ and ‘in-concrete’ tests on PTC and PTSC, as well as non-spliced refer-
ence specimens, are carried out in this investigation for reinforcement bar diameters of 16 mm and
20 mm. A detailed study into the cracking kinematics of the concrete specimens is described, and
comparisons with the response of the in-air counterparts are presented. After validation of nonlinear
numerical procedures against the test results, parametric assessments are undertaken to provide in-
sights into the stress and slip distributions, as well as comparative evaluations for different splice
configurations. Based on the results, expressions are proposed for determining the cracked stiffness
of concrete members incorporating mechanical splices. The experimental and numerical findings pro-
vide direct information on the inelastic cyclic response of in-air and in-concrete behaviour of me-

chanical splices and highlight the main design considerations for their practical application.



2. Experimental programme

2.1 Specimens and materials

To obtain a detailed insight into the in-air and in-concrete response of mechanical splices, uniaxial
monotonic and cyclic tests were carried out using the parallel threaded couplers (PTC) and parallel
threaded sleeve couplers (PTSC), illustrated in Figure 3, to connect 16 mm and 20 mm reinforcement
bars. The PTC is a compact coupler with diameter dc x length L. = @25x45 mm for 16 mm bars and
@31x54mm for 20 mm bars, while the PTSC has a diameter dc % length L. = @25%206 mm for 16
mm bars and @31x214 mm for 16 mm bars [28,29]. These are referred to throughout the paper as
compact and slender couplers, respectively. The PTC splice is provided with standard female threads
at the coupler and matching male threads at the rebars. The PTSC has matching male-female threads
forged from a steel sleeve that is mechanically connected to the unaltered reinforcing bars. Through

the fabrication process of these couplers, the cross-sectional area at the threads remains the same.

The in-air specimens subjected to monotonic loading had a minimum clear length Is=350 mm between
the testing machine jaws. As shown in Figure 4, the in-concrete specimens were made of an 800 mm
long splice of which 600 mm was embedded in a concrete cylinder. For the splices made of dp=16 mm
rebars, the external diameter of the concrete cylinder was Dc=121 mm, whist for the dp=20 mm rebars,
the external diameter of the concrete was D.=151 mm. This corresponds to a gross reinforcement
ratio pi=1.78% that is within the typical range for practical applications. As shown in previous studies,
the bond properties and crack pattern are strongly dependent on the concrete cover. For members
incorporating 16 mm bars, the concrete cover was 52 mm at the rebar and 48 mm at the coupler,
whilst for members with 20 mm bars, the concrete cover was 65 mm at the rebar and 60 mm at the
coupler. The concrete cover was chosen to minimise the occurrence of splitting failure along the
embedded bars, maintain the same cover to rebar ratio (c/d) for all in-concrete specimens, whilst
accounting for the experimental constraints. For both rebar diameters, the ¢/d=3.3, above the limits
value at which splitting is expected to occur when no or little transverse confinement exists (c/d=1)
[30] and above limits at which cover splitting can be completely neglected (c/d=3) [31]. The concrete

specimens were cast vertically and kept in plastic forms for a week until their removal from forms.

Hot rolled deformed bars with diameters of 16 mm and 20 mm, made of steel Grade B500C and with
a minimum relative rib area of 0.056, with surface treatment through sand blasting, were used for
both uniaxial in-air and in-concrete tests. The actual relative rib area of each rebar size was assessed

according to EN 1SO 15630-1:2010 [32] using a digital calliper through measurement of external bar



diameters at ribs, between the ribs, perpendicular to, and at 45° from the rib-to-rib axis. The rib incli-
nation and projected rib length were measured from a print of a wet painted bar rolled on a sheet of
paper. Details of the 16 mm and 20 mm rebar geometry are shown in Figure 5, whilst the material
properties are given in Table 2. These types of reinforcement bars are widely used in UK practice and

in research [33,34], and offer good bond response with bond parameters above 4.0 [35].

Cubes and cylinders samples from the ready-mix concrete used in the in-concrete specimens were pre-
pared for determining the concrete mechanical properties. The samples were cast directly into plastic
forms and covered with plastic sheets to facilitate concrete hydration until de-moulding the following day.
Subsequently, the samples were submersed in water until they reached 28 days when they were removed
and prepared for testing. The top and bottom faces of the 3100200 mm cylinders were ground to ensure
surface flatness. All dimensions of the cylindrical samples were measured at a minimum of three locations
and further averaged for assessment of strength. A minimum of four compression tests on 100 mm cubes
and @100x200 mm cylinders (EN206-1:2000 [36]) and splitting tests on @102x254 mm cylinders at 28
days and at the time of testing were carried out. The 28 days concrete compressive strength was fc = 44.8
MPa measured on cylinders and fccue = 51.4 MPa measured on cubes, whilst the splitting strength
was fetsp = 2.92 MPa. The concrete strengths assessed at 60 days, which corresponds to the time of
member testing were fc = 53.3 MPa, fccube = 59.8 MPa and fetsp = 4.71 MPa.

2.2 Instrumentation and testing procedures

To assess elastic slip at the threads, three cycles between zero and 60% yield strength of the non-
spliced counterpart were applied in the monotonic tests of the in-air mechanical splices. The same
specimens were further subjected to a monotonically increasing axial displacement until fracture.
After obtaining the complete stress-displacement o-A curve from the monotonic test, for in-air or in-
concrete specimens, the yield displacement Ay was extracted from the test data and used to determine

the main characteristics for the cyclic loading procedure.

The cyclic in-air tests were subjected to the S2 low cycle reverse elastic-plastic loading pattern, as
defined by 1SO 15835-2:2009 [9] and illustrated schematically in Figure 6a. The loading procedure
involves applying displacements A from zero up to 2xAy (yield displacement) in tension followed by
reversal corresponding to 50% of the yield strength in compression, alternating four times. Thereafter,
the applied A is increased from zero up to 5xAy in tension followed by reversal to 50% of the yield
strength in compression, alternating again for four times. After the cycling is completed, the proce-

dure involves applying increasing tension in the test specimen up to failure.



The in-concrete tests were subjected to a combined S1 and S2 low cycle loading test in which, initially
the sample was subjected to 20 cycles from 90% of yield strength in tension to 50% of yield strength
and compression as illustrated schematically in Figure 6b, followed by the S2 procedure described
above (Figure 5a) [37]. Both the uniaxial in-air and in-concrete tests were carried out in an Instron
8802 testing machine provided with a capacity of 250 kN for dynamic loading (312 kN for static
loading), as illustrated in Figure 7. The testing machine was provided with high-pressure jaws that

restrain the clamped rebar region without permitting any slip.

A Digital Image Correlation (DIC) system, consisting of two cameras and a controller was used to
capture crack propagation and member displacements, as this offers a high level of accuracy and
practicality compared to conventional mechanical instrumentation [38,39]. High contrast black/white
patterns were provided to the front face of the specimens by applying two layers of water-based white
paint and, subsequently, a fine black speckle pattern. This procedure was required to allow the post-
processing software to compute surface strain vector fields and subsequently strain values or crack
width at required locations of the specimens by setting virtual gauges. The processed results provide
detailed information about the crack pattern and development for concrete members, as well as strain
localisation for both the steel and concrete specimens.

3. Results and observations

3.1 In-air specimens

The minimum tensile yield strength fy, obtained from the non-spliced samples was 524 MPa for 16
mm and 508 MPa for 20 mm, whilst the ultimate strength f, was 620 MPa and 617 MPa, respectively.
Both fy and f, were assessed from the recorded load divided by the nominal bar area. The minimum
ultimate mean strain &y, determined from the recorded displacement A divided by the clear length of
the specimen was &, = 13.5% for 16 mm bars and &, = 14.1% for 20 mm bars. The test results in terms
of yield force Fy and strength fy, ultimate force Fy and strength f,, mean strain at yield €y and ultimate
mean strains gy and as well as a ductility factor determined as the ratio between ultimate-to-yield

mean strains eu/ey, are all given in Table 2.

Figure 8 illustrates a comparison between the uniaxial deformation recorded by the non-spliced and
in-air samples provided with couplers which may be used to determine the elastic slip at the couplers.
As observed, both types of couplers had marginally higher deformation than the non-spliced reference

bar with values below 0.2 mm. However, after the three elastic cycles, the residual deformation was



between 0.01-0.02 mm for all samples, showing that no slip developed at the couplers and that the

higher deformation at peak occurred primarily due to the elastic elongation at threads.

Figure 9 depicts the stress-strain c-¢ response of the monotonic tests on the non-spliced and coupled
rebars. As observed from these curves, all responses are within similar ranges with e, between 13.5-
14.9%, whilst ¢, is nearly identical for each set of tests (16 mm and 20mm). The small differences at
ultimate may be related to typical inherent material variations. It is worth noting that both coupling
systems perform well under monotonic loading. The cyclic loading tests (S2) illustrated in Figure 9
show a consistent decrease in ey between the tested configurations. The non-spliced bars had the
highest gy, in the range of 16% (15.6% and 16.2% for 16 mm and 20 mm, respectively) with splices
with slender couplers having the highest decrease in ductility with &y of 10.3% for 16 mm and 8.8%
of 20 mm splices. The splices with compact couplers reached g, of 13.4% and 10.3% for 16mm and

20 mm splices, respectively.

Figures 10a,b illustrate the longitudinal strain concentrations obtained from optical measurements at
yield &y, half ultimate (eu/2) and ultimate ey. The intrinsic characteristics of the mechanical splices
with compact couplers, that have an enlarged rebar cross-section near the threads due to the manu-
facturing process, have a beneficial influence on the strain distribution throughout the length of the
splice with minimum stresses recorded at the coupler region. For slender couplers, some strain local-
isation occurs at the threads is also observed in the elastic slip response illustrated in Figure 8, as well
as at the coupler to rebar interface in the inelastic regime which subsequently promoted a failure at

the coupler region.

The above discussed reductions in g, occur at the splice level and may not characterise the coupler
response. As illustrated in Figure 10c, the failure of the non-spliced rebars showed failure at the mid-
dle of the sample indicating a relatively uniform stress distribution and with minimal or no influence
from the rebar clamping conditions. Considering a higher cross-section at the coupler in comparison
to the rebar, the weaker section is transferred outside of the coupler. Consequently, higher straining
is developed at the rebar, particularly when using slender couplers leading to shorter rebar regions,
resulting in earlier failure which can occur near the coupler-to-rebar interface (Figure 10c). The re-
duction in g, between non-spliced-compact-slender splices may become proportionally less signifi-
cant with the increase in total specimen length. This also needs to be considered carefully for bending
elements incorporating relatively large couplers, as the moment gradient and possible concentration

of plasticity in dissipative zones may also contribute to the reduction in ductility [40].



3.2 In-concrete members

The main results from the monotonic and cyclic tests on embedded mechanical splices are given in
Table 3 in terms of cracking strength Fe, yield strength Fy and ultimate strength Fy. The table also
gives the corresponding overall yield ey and ultimate ey mean strains which, for qualitative compari-
sons purposes, are determined from the recorded machine displacement divided by the member clear
length that includes the concrete region and free rebar region. A ductility ratio pe, determined from
the ultimate-to-yield mean strain ratio eu/ey, together with the elastic E; and cracked E; stiffness val-
ues, are also reported. A direct comparison between in-concrete members incorporating non-spliced
and spliced @20 mm rebars, depicted in Figure 11 as a representative example, shows a consistent
reduction in g, with splice type and type of loading. The ultimate strain &y is reduced under cyclic
compared to monotonic loading by 21% for the member with slender coupler, by 15.7% for the mem-

ber with compact coupler, and by 10% for the non-spliced member (Figure 11).

As for the in-air rebar tests, a similar trend regarding &, is obtained for the in-concrete members in
both monotonic and cyclic tests, as shown in Figure 11 and Table 3. For example, the @20 members
with slender couplers had lower &y in the range of 30%, whilst the compact @20 counterpart had lower
ey around 20% compared to the non-spliced @20 counterparts. It is also worth noting that the uniaxial
tests showed lower g, for in-concrete members in comparison with in-air specimens, contrary to indi-
cations from previous studies which imply that in-air response can be used as a conservative lower

bound for splice performance [41].

3.2.1 Crack kinematics

The behaviour of the concrete members is typically characterised by an initial transverse crack, gen-
erally occurring around the member mid-span, followed by the opening of other transverse cracks,
and ultimately by longitudinal cracks at the member extremities due to bond deterioration. Apart from
one cyclic specimen with compact couplers and 16 mm rebars, which failed within the concrete re-
gion, all members failed due to rebar fracture in the free rebar region, outside of the bonded concrete
region. Members with 16 mm and 20 mm, with the same rebar/splice configuration, developed similar
crack patterns. Figure 12 illustrates typical crack patterns for representative 20 mm members, for both

monotonic and cyclic cases, with more details provided for the latter for discussion purposes.

In the case of C0-20M (non-spliced), the first cracks developed at the centre of the member, with the
left crack in Figure 12a growing gradually up to a member displacement A=20 mm. Although other
cracks developed towards the member edge, most of the deformation was concentrated in the cracks

recorded at ey, with values about twice that from other cracks. For CC-20M (with compact coupler)
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shown in Figure 12b, transverse cracks developed outside the coupler region, showing that the coupler
geometry had a largely insignificant influence on the crack distribution. For CS-20M (with slender
coupler), crack initiation occurred within the coupler, yet outside the threaded section (Figure 12c).
Equally spaced edge cracks developed after an applied displacement of 3xAy, which subsequently

governed the response near ultimate.

The behaviour of the C0-20C (non-spliced) was governed by two main cracks developing at about
1/3 and 2/3 of the member length, marked as No 1 and No 3 in Figure 12d. These propagated at the
same rate within the elastic regime of the steel rebar, followed by a faster rate for Crack No 3 which
had the widest opening at ultimate (Wmax=18mm). For CC-20C (with compact couplers), Crack No 3
(located outside of the coupler length) and No 2 (at one bar diameter from the coupler) had similar
rate of propagation, with No 2 governing the response up to A=20 mm. As shown in Figure 12e,
beyond A=20 mm, edge crack No 1 took over, followed by No 4. For CS-20C (with slender coupler),
Crack No 2 formed at the centre within the threaded section, governing the response up to about 4xAy;
however, with the crack widths maintained below 2 mm up to ultimate. Subsequently, due to non-
simultaneous extension of the rebar and concrete body, symmetric cracks developed towards the edge

of the specimen after the last cycle of 2xAy and governed the response up to ultimate (Figure 12f).

3.2.2 Crack widths

Figure 13a depicts the relationship between the experimental average crack widths wm , determined
from optical measurements, and average reinforcement stress osm Up to wm=0.5 mm, with values be-
ing within the elastic and yield regions of the rebar. On the other hand, Figure 13b shows the devel-
opment of wn, in the inelastic range. Up to half yield &,/2, the average crack widths are shown to be
within 0.1mm, exhibiting a steeper increase for CC-16M and CS-16M for which at yield wm~0.25-
0.30. In contrast, the remaining members show a more significant scatter up to &,/2, reaching wm~0.1
at yield. It is worth noting that, CC-16M failed within the concrete bonded region, whilst the remain-
ing members failed within the free rebar region. This is captured by the crack width-mean strain (wm-
g) curves in Figure 13b that indicate wider average crack widths for CC-16M, with the other members
grouped together up to £€=6.0%. Beyond this level of strain, members with slender couplers had lower
wm compared to the non-spliced members and those with compact couplers. The curves in Figure

13a,b suggest that prior to yield, the uniaxial behaviour of the tested configurations is very similar.

Figure 13c,d shows the average crack growth at key strain levels from the cyclic loading procedure.
The average crack widths wm are plotted at the first and last elastic cycles, at &y, 2xey, and 5xgy, and
at around £=5%. Compared to monotonic tests, within the elastic range of the rebar, the crack widths

for all specimens were within wyn=0.20-0.35, indicating that the 20 elastic cycles produced some
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degradation at the concrete-rebar interface and increased the crack widths. Apart from C0-16C that
failed due to buckling at the free rebar region, all wy-¢ curves show an increase in wm with the increase
in the number of inelastic cycles. At the first set of inelastic cycles (2xey) the increase in wm was only
around 0.01 mm, yet at the second set (2xey) the increase in wm was between 0.1 mm (for CS-20C)
and 0.7 mm (for C0-20C). As observed from Figure 13c,d, cyclic loading seems to have a more

detrimental effect on the non-spliced members in comparison to those with mechanical splices.

3.2.3 Crack spacing

The crack spacing is dictated by a transfer length (I=Syo) that can be defined as a length necessary to
reach the concrete cracking stress in the cross-section. From strain compatibility, the minimum crack

spacing (Srmin) gives the closest point to an existing crack at which another crack can be formed,
whilst the maximum crack spacing is considered as Symax = 2XSrmin [42-43]. In practice, the concept
of average crack spacing Srm is also used for estimating average crack widths W, where Sy, can be
expressed in terms of Symin/Srm =0.6-0.7 Of Symax/Srm = 1.33—-1.50 [43-46]. The average crack widths
W is obtained by multiplying the average crack spacing by the difference between the average steel

strain &sm and the average residual strain in the concrete between the cracks €cm.

Table 4 gives the experimentally-obtained Symin, Srmax and Sym crack spacings corresponding to rebar
yield and ultimate, considering both newly initiated cracks and fully developed cracks. Although in
terms of Symin and Symax, there is a scatter depending on the number of cracks ncr, without a clear
influence from the presence of the coupler, Sy at yield seems to be around 200 mm, except for CC-
16C. At t ultimate Sy is in the range of 100-150 mm. More importantly, at yield, Smin/Srm and
Srmax/Srm ratios show very similar values for all tested configurations with average Symin/Srm=0.58-
0.66 and Symax/Srm=1.27-1.30 for each splice type. These are in good agreement with observations
reported in previous studies [e.g. 43, 47]. At ultimate, as the ncr increases, both Symin and Symax vary,

with an average Symin/Srm=0.47-0.50 and Smax/Srm=1.58-1.86. From Table 4, combined with obser-

vations from analysis of crack kinematics, the presence of the coupler in these cases does not appear
to have a notable effect on the member response around rebar yield, with some influence appearing

towards ultimate.
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3.2.4 Bond distributions

Nonlinear numerical procedures were used to assess the reinforcement stresses and concrete-rebar
slip distributions along the length of the in-concrete members. The 3D finite element models, con-
structed within ABAQUS [48], adopt 8-noded brick elements (C3D8R) for concrete and steel rebar
elements. The couplers were modelled as single 3D cylindrical blocks without accounting for the
threaded connection itself, as the results from the elastic slip tests (e.g. Figure 8) indicated low strain
levels at the threads. The couplers were connected to rebars through a tie constraint. The ‘concrete
damage plasticity’ model (CDP) was employed using the following constitutive parameters: bi-axial
behaviour of concrete fno/fc=1.16, factor for the shape of the deviatoric plane K.=2/3, dilation angle

¢=40°, and surface eccentricity €=0.1, as described in detail elsewhere [49].

The compressive stress-strain relationship followed the representation obtained from @100%200 mm
cylinder compression tests, considering the values given in Section 2.1. In tension, a bi-linear tension
softening law, extracted from a nonlinear model by converting the crack width to strain as a function
of the characteristic element length lch, was considered. The steel materials were modelled through a
bi-linear representation with hardening using the material strengths obtained from the coupon steel
tests. The interaction between steel and concrete was modelled using a complete bond-slip represen-
tation considering good bond conditions with bond coefficients y»>4.0 [35]. As illustrated in Figures
14a-c, the validation studies showed good agreement in terms of crack initiation and kinematics, crack
patterns and load-strain F-e curves considering the rebar-concrete bonded length, particularly since

detailed tension stiffening and bond-slip representations were considered [50].

Figure 14d-f illustrate the steel stress and concrete-rebar slip distributions for three configurations
investigated at rebar yield, as well as the numerical crack patterns that resemble those obtained in the
tests (Figure 12). For the non-spliced member, the rebar stresses are nearly uniform throughout its
length with the highest values at the free rebar region. In contrast, for spliced cases, lower stresses
around 0.5xfy are obtained at the coupler, whilst yield is also reached outside the concrete body.
These distributions show that, for such configurations, reinforcement fracture is likely to occur in the
free rebar region, as obtained in the experimental results. As the coupler has a larger diameter than
the rebar, the stresses within that region are consistently lower than at the rebar. More importantly,
the concrete-rebar slip curves in Figures 14a,b,c show distinct distributions and slip values as a func-

tion of the coupler length, showing that larger slip values occur with the increase in coupler length.

For the slender coupler cases, differences in bond capacity at the coupler compared to the rebar region
shift the subsequent crack location to outside the coupler and rebar-coupler interface, initially towards
the concrete/rebar region, and ultimately to the free rebar region where failure occurs. As for the in-

air tests, the ratio between these lengths may influence considerably the performance of in-concrete
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members with couplers. These effects may become less significant with the increase in total specimen

length as the ratio between the length of the embedded rebar and embedded coupler regions increases.

4. Comparative assessments

This section examines the elastic and inelastic load-strain response of the investigated configurations,
as well as the cracking characteristics in the concrete members. Comparative assessments are carried
out considering the main behavioural stages with emphasis on the post-cracking and post-yielding
regimes. The stages prior to steel yielding are particularly important for serviceability and durability
requirements as well as for force transfer purposes, whilst the post-yield stages are of direct relevance

for the assessment of ductility.

4.1 Cracking characteristics

Crack patterns and widths are primarily dependent on the reinforcement ratio, without a significant
influence from the concrete material properties [22,43]. For tension members, the rebar surface char-
acteristics, bar diameter and concrete cover, also affect the cracking behaviour. Couplers have higher
diameter than the connected rebars, whilst their surface is typically regular and plain in comparison
with the deformed surface of the rebar. For relatively large couplers, the local reinforcement ratio at
the coupler section ps.co in conjunction with its bond characteristics b co, in comparison with the actual
reinforcement ratio psp at the rebar section combined with its surface type 1, have a direct effect on
the crack spacing and kinematics. A comparative study on the influence of the size factor
As=dcLc/(dbLp) on the crack spacing ratio Aco is presented below by considering a range of coupler
configurations, with the relevant details extracted from available data sheets [28,29,51-60]. The cou-
pler and rebar geometries were used to assess psb, ps,co and the crack spacing ratio Aco=Sro,b/Sro,co IN
which s is the crack spacing at the rebar region, while S0 represents the crack spacing at the
coupler region. The couplers are idealised as cylindrical steel elements with regular/plain surfaces

and without slip at the connections to the rebars.

For comparison purposes, the crack spacing sro,i (Equation 1) is considered to correspond to Smin being
equal to the transfer length through bond. For the assessments presented in Figure 15, y»=2.5 for good
bond characteristics is assumed [61], as suggested in existing guidelines [45,46]. Consequently, the
bond capacity at the coupler with regular surface o is 40% of a corresponding deformed element
[46] (Equation 2). Considering the above limits in terms of bond capacity at rebars and at couplers,
Srop and Sroco Mmay be determined from Equations (3a,b), whilst the A ratio can be obtained from
Equation (4) as a function of the member, coupler and rebar section sizes only.
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Figure 15 depicts the relationship between the size factor As and crack spacing ratio Aco. Values of
As<1.0 represent relatively compact couplers, whilst As>1.0 are more slender. On the other hand, val-
ues Aco<1.0 indicate narrower crack spacings that occur at the rebar region in comparison to the cou-
pler region, whilst Ac>1.0 signify geometries and bond characteristics that produce wider cracks at
the rebar region in comparison to the coupler region. Narrower crack spacings produce a more uni-
form stress distribution throughout the member length, whilst wider crack spacings generate less
cracks that produce strain localisation and more rapid development of plasticity [50]. As failure out-
side the coupler region is desirable in practice, narrower cracks need to develop at the rebar region
(Ac0<1.0). As observed from Figure 15, compact couplers with size factors below and around As<1.0
tend to exhibit Aco<1.0, hence favouring the development narrower crack spacings at the rebar region.
In contrast, relatively slender couplers are expected to have A¢.0>1.0, with a more significant influence
on the cracking response.

Sioi = &where i=b for rebar, and co for coupler (1)
L Arp;
Where ps,b = A% / A:and ps,co = A\zo / A\:
Ty co :0'4Tb (2)

where 7, = ybﬁ and yp=2.5

SrO,t:o = db fCt and SrO,co = dco fCt (3)
4prs,b l'Gprs,co
g =Son g 9P 4)
? SrO,co cops,b

Figure 16 shows a qualitative comparison between the tension damage (crack) patterns at rebar yield
for members incorporating three types of splices (UHC, SWC, GSC [49,50,53]) and the correspond-
ing non-spliced models, resulting from nonlinear numerical simulations using the procedures de-
scribed in Section 3.2.4. It can be observed that for 16 mm rebars with UHC-16 (As=1.0), the cracks
are similar to the non-spliced member (NON-16), whilst for SWC-16 (also with As=1.0), the cracks
are outside the coupler region. It is shown that for such As ranges, couplers do not have a notable
influence on the cracking response, as also observed from the tests described above. For GSC-16 with
As>2.0, cracks occur at the coupler. For exaggerated coupler geometries with respect to member size
(UHC-32, SWC-32, GSC-32) and very high reinforcement ratios, analysed herein for comparison
reasons, cracks occur at the coupler in all cases. These observations, in conjunction with the damage
pattern for GSC-16, suggest a behaviour similar to the results shown in Figure 15 in terms of the

influence of the coupler geometry on the crack spacing.
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4.2 Load-strain response

In the stabilised cracking stage, the stiffness of the RC member is in between the stiffness of the
elastic element and of the fully cracked element. This tension stiffening effect is expressed analyti-
cally as a reduction in the mean steel stress in relationship to the bare steel bar. After cracking initi-
ates, the tension stiffening decreases gradually until steel strains concentrate at cracked sections, and
fully disappears at yielding when the response is controlled by steel bar only. A detailed comparative
assessment in terms of stiffness and capacity between experimental and predicted curves is illustrated
in Figure 17.

A gauge length of 590 mm over the concrete element was considered to assesses € for the in-concrete
members, whilst a gauge length of L.+4d, for the in-air specimens, respectively. The predicted F-¢
curves using Equations (6-8) were derived using the test material strengths and Eurocode 2 guidelines
and considering Bt=0.7, os=1.3, pi=1.78%, Es=200000 and Es»=800 MPa [45,46,61].

Esm=E&q PO0<0,20y, (5)
— ﬁt (JS _O-Sfl)+(o-srn _O-s)
Esm =& (Esrz —Esrl) —> 0 <0, X0, (6)
Osm ~ O
Esm = a2 _ﬂt (gsrz _gsrl) —> O <O < fy (7)
Esm = by —A (8“2 _83f1)+( fy /1, )(1_65f1 / fY)(gsz _gsy) - fy <o, <f, (8)

As illustrated in Figures 17a-c, the predicted curves show good agreement with the test results for all
monotonic tests in terms of stiffness and yield load. A slightly different response is obtained for the
members provided with compact couplers, as the steel material in the rebars had a rounded elasto-
plastic curve around the yield, having a direct implication on the F-g response of the in-concrete
counterparts (CC-16M and CC-20M, respectively). Also, the experimental-to-predicted curves com-
parison indicate some influence from the coupler geometry to the stiffness. Figures 17d-f show that
the cyclic tests F-¢ curves are nearly inscribed within the monotonic curves and in close agreement
with the predicted F-g curves up to €=0.5%. It is worth noting that the 20xcycles applied in the elastic
regime of the rebar had a minimal effect on the deformation of the non-spliced C0-20C, yet it is
indicated that for CC-20C and CS-20C, residual strains were accumulated before yielding. This sug-
gests that the presence of the coupler, with its regular surface, allowed some bond degradation within

the elastic cycles.

As discussed in Section 4.1 and above, the coupler size has an influence on the crack kinematics and

since it affects the member stiffness as, particularly for the members with slender couplers, the stiff-
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ness deviates from that of the non-spliced member. To further investigate this aspect, Figure 18 illus-
trates the F-¢ responses of the concrete body for the numerical models described in Section 4.1, with
the crack patterns shown in Figure 15. As observed in Figure 18, there is a clear increasing trend in
terms of cracked stiffness with respect to the coupler size. Both SWC-16 and UHC-16 (with As=1.0)
are within the same ranges, whilst GSC-16 (with As>2.0) has the stiffest response. To capture the
reduction in stiffness with the increase in coupler size factor (As), a cracked stiffness reduction factor

B, depicted by Equation (9) is suggested, and compared with the results in Figure 19.
Be =1-0.25, )

Figure 20 shows a comparison between the test or numerical F-¢ responses of the concrete members
and the corresponding predicted curves using Equations (5-8) for non-spliced members which were
further modified using the Be estimated from Equation (9) for members incorporating couplers. As
observed, the predicted curves are in good agreements for all the cases investigated, with both com-

pact (As<1.0) and slender couplers (As>1.0).

4.3 Ductility and energy dissipation

For comparison purposes, the cumulative energy dissipation of the test members subjected to cyclic
loading is estimated from the F-¢ behaviour shown in Figures 9 and 11 as the enclosed areas from the
entire curve considering the key characteristic strain levels. Figures 21a,b illustrate the energy dissi-
pation at yield ey, before the first inelastic cycle at (2xey), after completing four cycles at (2xsy),
before the first inelastic cycle at (5xey), after completing four cycles at (5xey), at ultimate &y, and at
fracture &f, for the in-air members. Figures 21c,d illustrate the energy dissipation for the concrete
members, considering the same ¢ levels described above, and the energy dissipated before the first
elastic cycle. It is worth noting that for the concrete members the energy dissipated through the 20
elastic cycles is included in the values given at yield gy. In each plot in Figure 21, a bar chart with the

energy dissipated through the four cycles at 5xgy is also reported.

As observed from Figure 21, for all members, the level of energy dissipated within the elastic regime
of the reinforcement is within similar ranges. The energy dissipation curves show nearly identical
responses, irrespective of the presence of coupler, up to inelastic cycles of 2xegy. As the strain level
increases to 5xey, a distinctive difference is observed, which can be grouped according to the coupler
geometry. As illustrated in the charts plotted in the top-left corner of each plot in Figure 21 for all
cycles at 5x gy, the highest energy dissipation was recorded by the non-spliced members in all cases,
followed by those with compact couplers and then those with slender couplers. This trend is further
maintained for the energy dissipated at ultimate ¢y and at fracture & in all cases. It is worth noting,
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that a close inspection of the F-¢ curves for the inelastic cycles indicated that there was no pinching

effect at the transition between tension-compression loading for the concrete members.

A comparative assessment in terms of ductility is performed by considering the ratio between ulti-
mate-to-yield strain eu/ey given in Tables 2 and 3, in which &, corresponds to the maximum strength.
The ratios illustrated in Figure 22 show consistent reduction between the in-concrete and in-air spec-
imens for both monotonic and cyclic tests. For the monotonic tests the reduction ratios between in-
concrete to in-air ductility ratios are 12.5% for non-spliced members, 17% for those with compact
couplers, and 24% for those with slender couplers. For the cyclic tests, the reduction of in-air to in-
concrete ductility ratios is 20% for the non-spliced members, 18% for those with compact couplers,
and 12.3% for those with slender couplers. A decreasing trend is also observed in terms of reduction
in ductility ratios considering the member type. These reductions are between 24-28% for in-concrete
tests and 18-31% for in-air tests from the reference non-spliced configuration, depending on the type
of coupler and loading.

For the application of mechanical splices in dissipative zones according to Eurocode 8 [27], the be-
haviour should be validated by testing under conditions compatible with the selected ductility class
(i.e. medium ductility: DCM, or high ductility: DCH), which is directly related to the material ductil-
ity classes stipulated in Eurocode 2 [61]. For DCM, reinforcement Classes B and C are allowed in
dissipative zones, whilst for DCH only Class C reinforcement is permitted in dissipative zones. Alt-
hough the level of ultimate strain decreased in some cases for coupled splices compared with the non-
spliced specimens, the test results show that the minimum criterion for Class C reinforcement (i.e.
€u>7.5%) in Eurocode 2 was generally met. Accordingly, most of these coupled bars satisfy the strain

requirements for reinforcement in seismic design according to Eurocode 8 for DCH.
5. Concluding remarks

This paper described an experimental programme carried out on in-air and in-concrete mechanical
splices incorporating two types of threaded couplers subjected to uniaxial monotonic and cyclic load-
ing. Complementary numerical studies using nonlinear finite element procedures were undertaken
and the validations against the concrete members tested enabled supplementary parametric investiga-
tions to be carried out. The tests showed that both types of couplers had marginally higher strains
than the non-spliced reference bar within the elastic cyclic test, without notable slip at the threads. It
was also indicated that slender splices provide lower ductility than splices with compact couplers as
well as non-spliced specimens with reductions up to 35%. Both coupler types however developed
ultimate strains around or above 7.5%, suggesting that they generally comply with requirements for

high ductility reinforcement according to European codes.
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Cyclic loading also had a detrimental effect on the in-air response with reductions up to 25% in the
strain at fracture in comparison to the monotonic cases, whilst no pinching effect was observed at the
tension-compression loading transition for the concrete members. The detailed strain measurements
showed that the enlarged rebar cross-section near the threads of compact couplers shifts the weak
area away from the coupler region, whilst for the slender couplers some strain localisation occurs at
the threads prior to rebar yield and at the coupler-to-rebar interface. For both the in-air and in-concrete
behaviour, the ratios between coupler-to-rebar lengths influences the response in members with
longer couplers producing more rapid straining of the rebar and earlier failure. The analysis of the
experimental crack widths showed values below 0.1 mm for monotonic tests and up to 0.35 mm for
cyclic tests within the elastic range of the rebar, suggesting that the elastic cycles produced some
degradation at the concrete-rebar interface. It was indicated that the presence of the coupler had min-
imal or no effect in terms of crack spacing up to rebar yield. Also, compact couplers with size factors
below and around 1.0 tend to favour the development narrower crack spacings at the rebar region

producing a more desirable uniform stress distribution throughout the rebar length.

The numerical results showed that for the in-concrete splices, lower stresses of around 0.5xfy are
obtained at the coupler, whilst for the non-spliced configurations the rebar stresses are nearly uniform
throughout their length. More importantly, the concrete-rebar slip curves show distinct distributions
and slip values as a function of coupler length, indicating larger slip with the increase in coupler
length, primarily due to the regular surface compared to the deformed surface of the rebar. Key ob-
servations showed that the increase in coupler size reduces the cracked stiffness of the member. This
aspect may be captured through a stiffness reduction factor, as a function of the suggested coupler
size factor, which may be employed in existing models for an effective assessment of the load-strain
response of embedded mechanical splices.
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Figure 11 F - £ response for in-concrete members provided with 20 mm bars a) monotonic tests, b) cyclic
tests.

Figure 12 Crack pattern and crack widths for in-concrete members provided with 20 mm bars: monotonic
tests a) C0-20M, b) CC-20M, c¢) CS-20M; cyclic tests d) C0-20C, e) CC-20C, f) CS-20C

Figure 13 a) Average crack width wy, vs reinforcement stress osm, b) average crack width wy vs member
mean strain ¢ for in-concrete monotonic tests; ¢,d) average crack width wm vs member mean strain ¢ for in-
concrete cyclic tests

Figure 14 Numerical validation of F-¢ responses for: a) C0-20M, b) CC-20M, c¢) CS-20M; Steel stress osm
and slip s distributions for in-concrete models at yield for: d) non-spliced model C0-20M, e) CC-20M with
compact coupler, f) CS-20M with slender coupler

Figure 15 Relationship between slenderness ratio As and crack spacing ratio Aco

Figure 16 Crack patterns for 16 mm and 32 mm non-spliced models and models incorporating splices with
UHC, SWC, GSC

Figure 17 Test and predicted F-¢ responses for monotonic in-air and in-concrete members incorporating 16
mm and 20 mm rebars: a) non-spliced specimens, b) with compact couplers, ¢) with slender couplers; cyclic
in-concrete members incorporating 20 mm rebars for member: d) without couplers, d) with compact
couplers, e) with slender couplers

Figure 18 F-¢ for 16 mm non-spliced models and models with UHC, SWC and GSC

Figure 19 Relationship between stiffness reduction factor Be and size factor As

Figure 20 Predictions of F-g response by considering cracked stiffness reduction factor Be

Figure 21 Energy dissipation for in-air specimens a) 16 mm, b) 20 mm,; in-concrete specimens c) 16 mm, d)
20 mm

Figure 22 Ductility comparisons for: a) monotonic tests, b) cyclic tests
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Nomenclature

Greek letters

Be - cracked stiffness reduction factor
Bt— tension stiffening factor

yb - bond coefficient

€ — mean strain

ef — mean strain at fracture

gy — mean strain at yield

eu - Ultimate strain/strain at peak load
&s,m - mean steel strain

&s1 - rebar strain in the uncracked concrete
&s2 - rebar strain at the crack

&sy - the steel yield strain

¢ - dilation angle

Aco - Crack spacing ratio

As - size/bulkiness parameter

e — mean strain ductility ratio

p1 - reinforcement ratio

ps,co - reinforcement ratio at the coupler
section

psb - reinforcement ratio at rebar section
o — stress

os— Steel stresses at crack

osm - average reinforcement stress

osr - reinforcement stress factor

osr1 IS the steel stress at crack initiation
osm IS the steel stress at crack stabilisation
Tn,co - bond characteristics at coupler

T - bond characteristics at rebar

€ - surface eccentricity

A — applied displacement

Ay - yield displacement

Lowercase latin letters

dy — rebar diameter

dc — coupler length

foo/fc - bi-axial to uniaxial concrete strength

fc — cylinder compressive strength
fc.cube — Cube concrete strength

fet - tensile strength of concrete
fetsp — concrete splitting strength
fy - yield strength

fu - ultimate strength

fy,p — yield strength of the rebar
fup - ultimate strength of the rebar
fusp — ultimate capacity of the splice
Ich - characteristic element length
Is - clear length

It - transfer length

Ner— number of cracks

s -slip

sro — reference crack spacing

Srob - Crack spacing at the rebar
Sro,co - Crack spacing at the coupler
Srmin - Minimum crack spacing
Srmax - Maximum crack spacing
Wm - average crack widths

Wmax — maximum crack width

Uppercase latin letters

D. - external diameter of the concrete element
E:1— elastic stiffness

E> — cracked stiffness

Es - elastic steel modulus

Esh - plastic steel modulus

F - load

Fer - cracking load

Fy - yield load

Fu - ultimate load/peak load

K. - shape of the deviatoric plane

L, — effective rebar length (=Lc+4db)
Lc — coupler length

@ - diameter

22



Figures

N

N N NN i
] ] I8 R A A
| A g N A A
V|| [ A Nl 7 7
V|| R A My i
& D BN AR 45
B =g
AR i\
ANER AR | &
22288 2%
A= E = i wnn = =

Figure 1 a) 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);
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Figure 2 a) ductility criteria; b) average size factor As
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Figure 5 Reinforcement bar details
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Figure 6 Schematic representation of the loading procedures 1ISO 15835-2:2009 [9]: a) S2 inelastic
cyclic, b) S1 elastic cyclic
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Figure 7 Testing machine with: a) in-air sample, b) in-concrete specimen
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Figure 8 Elastic slip results
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Figure 9 o-¢ relationships for in-air tests: a) 16 mm monotonic, b) 16 mm cyclic, ¢) 20 mm monotonic, d) 20
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Figure 10 Longitudinal strains at yield, half ultimate and ultimate applied deformation for a) AC-16C, b)
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Figure 11 F - € response for in-concrete members provided with 20 mm bars a) monotonic tests, b) cyclic
tests.
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Figure 12 Crack pattern and crack widths for in-concrete members provided with 20 mm bars: monotonic
tests a) C0-20M, b) CC-20M, c) CS-20M; cyclic tests d) C0-20C, e) CC-20C, f) CS-20C
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Figure 13 a) Average crack width wm vs reinforcement stress osm, b) average crack width wm vs
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Figure 16 Crack patterns for 16 mm and 32 mm non-spliced models and models incorporating
splices with UHC, SWC, GSC
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Figure 17 Test and predicted F-¢ responses for monotonic in-air and in-concrete members incorpo-

rating 16 mm and 20 mm rebars: a) non-spliced specimens, b) with compact couplers, c) with slen-

der couplers; cyclic in-concrete members incorporating 20 mm rebars for member: d) without cou-
plers, d) with compact couplers, e) with slender couplers
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Tables

Table 1 Details of test specimens

In-air tests In-concrete tests
Type d, Specimen TP dy D, Specimen TP
16  A0-16M M 16 121 C0-16M M
non- 16  A0-16C S2 16 121 C0-16C S1+S2
spliced | 20  A0-20M M 20 151 C0-20M M
20  A0-20C S2 | 20 151 C0-20M S1+S2
16  AC-16M M 16 121 CC-16M M
compact 16  AC-16C S2 16 121 CC-16C S1+S2
20 AC-20M M 20 151 CC-20M M
20  AC-20C S2 | 20 151 CC-20C S1+S2
16  AS-16M M 16 121 CS-16M M
slender 16  AS-16C S2 16 121 CS-16C S1+S2
20 AS-20M M 20 151 CS-20M M
20  AS-20C S2 | 20 151 CS-20C S1+S2

TP — test protocol (M - monotonic, S2 — inelastic cyclic, S1 + S2 — elastic and inelastic cyclic)

Table 2 Test results of uniaxial in-air rebar tests

Name  F,(kN)  Fo(kN) (Nf;,a) (Nf;,a) LN
AO-16M 105 125 524 620 039 117 135 30
AO-16C 106 126 529 624 040 134 155 34
AO-20M 160 194 509 617 042 127 144 30
A0-20C 160 194 508 617 045 133 160 30
AC-16M 104 124 515 614 040 122 139 3l
AC-16C 102 122 506 608 037 110 132 30
AC20M 173 202 549 643 049 114 138 23
AC20C 168 197 53 625 045 83 103 18
AS-16M 104 123 518 613 047 130 149 28
AS-16C 102 122 509 606 034 85 102 25
AS-20M 163 194 518 617 057 123 144 22

AS-20C 161 197 513 627 039 7.2 8.6 18




Table 3 Test results of concrete members

F F 3 € £€f E. E2
Name Fer (KN y Y y " kNmm/  (kKNmm/ .
W &) @) ) %) mm) ( mm) !

C0-16M 31 105 125 040 113 123 42855 26225 28
C0-16C 48 117 123 042 27 27 54858 28056 B
C0-20M 44 161 197 047 112 116 79974 33934 24

C0-20C - 165 199 039 9.80 105 45587 41753 25
CC-16M 28 103 125 040 111 118 65089 26057 28
CC-16C - 105 125 050 9.7 103 33632 10910 19
CC-20M 43 160 198 055 9.2 103 77518 28959 17
CC-20C - 168 197 040 80 88 46617 41712 20
CS-16M 30 105 126 038 80 91 62689 27684 21
CS-16C - 105 126 033 7.1 80 35004 31704 21
CS-20M 35 166 200 049 79 93 62832 34170 16
CS-20C - 164 198 042 70 7.7 47320 39552 17

Table 4 Crack spacing

Specimen at rebar yield g at ultimate &,
Ner Srmin Sm Srmax  Srmin/Srm Srmax/Srm | Ner Srmin Srm Srmax. Srmin/Srm - Srmax/Srm

C0-16M | 2 97 199 253 0.49 1.27 5 64 100 189 0.64 1.89
C0-20M | 2 65 198 274 0.33 1.38 5 56 100 176 0.56 1.76
C0-16C 2 157 197 261 0.80 1.33 3 73 150 190 0.49 1.27
C0-20C 2 142 198 244 0.72 1.23 3 50 150 210 0.33 1.40
Average CO 0.58 1.30 Average CO 0.50 1.58
CC-16M | 2 151 200 268 0.75 1.34 4 45 120 194 0.38 1.61
CC-20M | 2 137 199 233 0.69 1.17 5 55 100 230 0.55 2.30
CC-16C 3 63 149 212 0.43 1.42 5 51 100 152 0.51 1.52
CC-20C | 2 156 198 241 0.79 1.22 5 45 100 200 0.45 2.00
Average CC 0.66 1.29 Average CC 0.47 1.86
CS-16M | 2 192 200 212 0.96 1.06 5 56 100 208 0.56 2.08
CS-20M | 2110 197 254 0.56 1.29 3 67 150 220 0.45 1.47
CS-16C 2 134 200 248 0.67 1.24 4 58 120 172 0.48 1.44
CS-20C 2 54 197 2% 0.28 1.49 3 71 150 230 0.47 1.53
Average CS 0.62 1.27 Average CS 0.49 1.63
Average all 0.62 1.29 Average all 0.49 1.69
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