Suggestions for the Design
of R/C Lapped Splices
for Seismic Loading
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Based on experimental findings and analyses, sugges-
tions are presented for the design of R/C lapped splices in
beams and columns to sustain high-intensity cyclic flexural
loads with up to 15 cycles into the inelastic range of the
spliced bars.

The key aspect of the design is the provision of closely
spaced, uniformly distributed stirrup-ties in the splice re-
gion. An equation is developed for the spacing of stirrups.
Transverse steel requirements for sections with three or
more lap splices per layer and for splices with offset bars
are also given. An equation is proposed for the splice length
as a function of the concrete strength.
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Introduction:

Current design methods for lapped splices, includ-
ing the recently suggested versions in Reference 1 by
ACI 408-79, are applicable only for monotonic loads
with the stress in the reinforcing steel below yield.
However, structures in seismic regions may be sub-
jected to severe cyclic forces and, in the event of a
major earthquake, some portions of the structure can
be subjected to a number of cycles into the inelastic
range.

Investigations reported in the literature (summa-
rized in Reference 2) indicate that the strength and
ductility of lapped splices are adversely affected by
high-intensity cyclic loads. Available documentation
in this area is mainly behavior-oriented and little has
been done regarding the development of design
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methods. As a result, most design codes do not per-
mit lapped splices in regions where flexural yielding
or severe stress reversals are possible. This is a se-
vere limitation, especially for buildings where the col-
umn splices are usually located just above the floor
level.

A study was initiated at Cornell University in 1978
to develop guidelines for the seismic design of lapped
splices. Beam and “column type” splices under re-
peated and reversed, high-intensity static cyclic flex-
ural loads have been investigated using 60 full-scale
specimens and eight half-scale specimens. Typical full
scale beams were 20 in. (508 mm) deep and 21 ft (6.4
m) long, whereas the columns were about 12 in. (300
mm) square and 11 ft (5.2 m) long. The half-scale
beams were 10 in. (254 mm) deep and 6 ft (1.82 m)
long. A summary of results of this investigation is
reported in a companion publication.” Based on these
findings, design guidelines are developed here.

For lapped splices to safely sustain inelastic defor-
mations under reversing loads, strength as well as
ductility are essential design considerations. Due to
the progressive nature of bond deterioration and the
resultant stiffness degradation under high-intensity
cyclic loads, it is feasible to design splices to sustain
only a limited number of cycles into the inelastic
range. In this study a minimum of 15 to 20 reversing
load cycles beyond yield and a maximum reinforcing
steel strain in the splice of at least 2.5 times the yield
strain were considered as indicative of satisfactory
performance.
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In most tests higher ductility was not achieved be-
cause of stroke limitation on the loading actuators.
The maximum reinforcing steel strains were often
larger than the design criterion of 2.5 times the yield
strain but the failure of strain gages usually pre-
cluded the measurement of larger strains.

Development of equation for stirrup spacing

The key aspect of the seismic design of lapped
splices is the provision of closely-spaced, uniformly
distributed stirrup-ties in the splice region. To deter-
mine the required spacing for the stirrups, an equi-
librium model of bursting and confining forces was
proposed for a corner splice (Fig. 1b).

For the spliced bars to develop adequate anchor-
age, the bursting forces due to the radial component
of the bond stresses have to be effectively resisted.
The progressive and often extensive damage to the
concrete cover as splice failure is approached sug-
gests that the resistance afforded by the concrete
cover is relatively small for high-intensity cyclic load-
ing. Therefore, the cover was disregarded and the ra-
dial bond force was assumed to be resisted entirely
by the transverse steel.

Assuming a uniform distribution of bond stresses
at failure and bond forces acting at 45 deg to the bar
axis, it can be shown’ that for splices located in a con-
stant moment region the unit radial bond force re-
sultants F, and F, for each bar of the splice are:

fd?
F =F =-++ (1)

T gy

s

Vertical equilibrium of forces in Fig. 1b gives:

(F, + F)s = Af, (2)
where f, is the tensile stress in the transverse rein-
forcement and A, is the area of transverse reinforce-
ment normal to the plane of splitting for each splice.
At the design level, yield penetrated about 20 per-
cent along the splice at the end where the spliced bar
continued. Using a 0.80¢, effective splice length and
substituting Eq. (1) into Eq. (2), the following expres-
sion for stirrup-tie spacing is obtained.

s=1.6

Alrfs f\'l
-, (3)

d; f,

Examination of strain data showed that #4 (12.7
mm) size stirrups exhibited lower strains at failure
than #3 (9.5 mm) size stirrups, even when equal
amounts of transverse steel were provided in the two
cases. The more closely spaced #3 (9.5 mm) stirrups
were more efficient in resisting bursting forces since
the zone of influence of a stirrup is small in compar-
ison to stirrup spacing. Hence, the total bursting
force resisted by the #3 (9.5 mm) stirrups was higher
than for the larger stirrups, thus making the strain
level higher in the smaller stirrups. A design stress
for the stirrups was chosen to closely model the av-
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Fig. 1 — Equilibrium model of corner splices.

erage stresses observed near failure for #3 (9.5 mm)
and #4 (12.7 mm) size stirrups.’ The function chosen
was:

; 40,000 (psi) ( 275
g S
A, A,

(MPa)) (4)

This function also predicts a reasonable design
stress level for #5 (16 mm) stirrups. Using this rela-
tionship, Eq. (3) can be simplified to the following
expression for reinforcement with f = 60 ksi (Grade
60 reinforcement):

s=k—— (5)

3/8 9.5 mm
where k = —; : ; :
stirrup diameter stirrup diameter
When #3 size (9.5 mm) stirrups are used, Eq. (5) be-
comes:

s = A:res (6)
d;

The stirrup spacing given by Eq. (5) is for splices
in corner bars located in a constant moment region.
For splices in single curvature under a moment gra-
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Fig. 2 — Comparison of suggested splice length require-
ments as a function of concrete strength (1000 psi = 6.89
MPa)

dient (constant shear) the stirrup spacing may be in-
creased by multiplying by the factor in Eq. (7), as de-
rived in Reference 4.

1

— < 2.0 (7)
(1-¢/22)

1.0 <
where z is the distance to the point of contraflexure
from the high moment end of the splice. However,
this factor can be conservatively omitted in cases
where z is difficult to establish.

Design implications

(a) Splice length: In using Eq. (5) the designer is
free to adopt a suitable splice length, provided the
minimum splice length requirements are met. Test
results showed that the 30d, minimum splice length
for columns required by Appendix A of ACI 318-77°
was adequate for splices with a clear cover of at least
1.5d, and for concrete strengths of at least 3500 psi
(24 MPa). Test results and an analysis' show that

Ay =ay (corner splice)

Ay, = Zab(center splice)

Atr = a, (all splices)

9y, = area of one
stirrup leg

Fig. 8 — Definition of transverse reinforcement A, for
splices with clear spacing less than 4d,.
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shorter splice lengths can be used for higher strength
concretes. Shorter splice lengths and correspondingly
smaller stirrup spacings are normally preferred for
higher strength concretes, which are stiffer and more
brittle than weaker concretes and hence exhibit
poorer bond stress redistribution properties. For bot-
tom cast splices, the splice length requirements for
Grade 60 reinforcement with a clear cover of at least
1.5d,can be expressed as:

1860 22,320
0, > T d, > 20d, N d, mm) (8)

The mimimum splice lengths required by the above
expression are about 30 percent longer than that sug-
gested by ACI 408' for monotonic loads, with maxi-
mum amount of effective transverse steel (Fig. 2).

(b) Stirrup spacing — splices only in corners: The
stirrups should be uniformly distributed along the
splice length at a spacing not exceeding that given
by Eq. (5), or its increased value in the presence of
shear given by the amplification factor in Eq. (7). It
is instructive to observe, from Eq. (5), that for given
rebar and stirrup sizes the total number of stirrups
required for the splice region (equal to £,/s) is inde-
pendent of the splice length. This, in effect, means
that a shorter splice length requires proportionally
smaller stirrup spacing. The factor k in Eq. (5) re-
flects the better efficiency achieved by using smaller
closely spaced stirrups as compared to larger, more
widely spaced stirrups.

Tests show that the zone of influence of each stir-
rup along the splice is quite small. It is recommended
that the combination of splice length and stirrup size
be chosen such that the required stirrup spacing is
not more than 6 in. (150 mm). This spacing should also
be continued to a distance d outside the high moment
end to prevent premature failure resulting from
shear or buckling of rebars near the splice end.

(¢) Stirrup spacing — three or more splices per
layer: For splices with a clear spacing of not less than
4d, in sections with three or more splices per layer,
the spacing of stirrups-ties for the corner splices are
as stated in (b), and apply without modification. Tests
show that as a result of the wide spacing between
splices the interior splices can be freed of the trans-
verse steel requirements of (b). However, in order to
prevent premature buckling of the interior splice
bars in compression, it is required that all interior
splices be laterally restrained by supplementary ties,
distributed along the splice length and also continued
to a distance d outside the high moment end. A tie
spacing not exceeding the larger of 6 in. (150 mm) or
6d,is suggested.

If the clear spacing between splices is less than 4d,,
then all splices including interior splices, should be
confined by corners of stirrup-ties satisfying the re-
quirements of (b), as in the case of sections with cor-
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ner splices only. A, in Eq. (5) for three or more
splices in a layer is the area of transverse steel for
each splice normal to the plane of splitting that could
develop through the layer of splices (Fig. 3).

(d) Additional stirrup requirements for offset bars:
If the main bars are offset at the end of the splice,
as is often done in columns, additional transverse re-
inforcement of at least the amount required by ACI
318-77* should be placed at the splice end near the
bend location. This results in double stirrup-ties
being provided near the bend location (including the
one required for splice confinement), or the double
stirrup-tie could be replaced by a single stirrup-tie of
a larger size bar.

(e) Other factors and limitations: The validity of
Eq. (5) and (8) has been demonstrated for bar sizes
up to and including #10 (32 mm) for normal strength
concretes up to 4000 psi (27.6 MPa). The tests with
concrete strengths up to 9000 psi (62 MPa) had small
(#6, 19 mm) bars and the combination of high strength
concretes with larger bars has not been studied. The
case where the cover over the splices is lost; for ex-
ample, at flexural hinges, has not been studied. The
splice length should be calculated from the edge of
hinge regions.

The stirrup spacing given by Eq. (5) is applicable
both for spliced bars lapped side-by-side and for those
lapped one-above-the-other. (Expressed with respect
to the axes of bending.)

Tests indicate that for moderate levels of shear up
to 3 VI (psi) (0.25 VI~ MPa), the stirrups provided
for bond are also effective in shear. The interaction
of bond and high levels of shear was not evaluated
and remains an area not well understood at this time.
Also, the effect of direct axial compression on splice
behavior was not studied in this investigation. The
maximum compressive stresses recorded in the splice
bars under flexural loads did not exceed 0.5f,. In this
range, the splices designed for tension performed at
least as well in compression. Further research is
needed to study the effect of combined high axial
compression and flexural load reversals on splice be-
havior.

Summary

Lapped splices can be designed to safely sustain
high-intensity cyclic loads with at least 15 to 20 cycles
into the inelastic range. The following suggestions
are made for the design:

(1) The splice length required for Grade 60 reinforce-
ment with a clear cover of at least 1.5d, shall be taken
as:

¢ > 1860 d > 20d (22,320 d SI)
s Z \/—? h = b \/'—f(—/ b

For £’ of 3800 psi (26 MPa) or greater, ¢, may con-
servatively be taken as 30d,. The splice length should
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be increased in accordance with code recommenda-
tions for top cast horizontal reinforcement.

(2) For splices in corner bars, uniformly distributed
closed-hoop stirrups shall be provided over the splice
length at a spacing not exceed:

AL

s<——< 6 in.

(150 mm)
d;

The stirrup spacing should be multiplied by the fol-
lowing applicable factor or factors for:

stirrup sizes other than #3 (9.5 mm)

3/8
stirrup diameter

(9.5 mm)

splices subjected to a moment gradient

1
1.0 < — < 2.0

v 3
1 s
( 22)

It is conservative to omit the second factor.

(3) Transverse steel requirements are given for
sections with three or more splices per layer; these
depend on the clear spacing of the splices and on sta-
bility considerations of the splice bars in compression.

(4) The stirrup spacing provided for the splice re-
gion should be continued to a distance d outside the
high moment end of the splice.

(5) If the main bars are offset at the end of the
splice by bending, additional transverse steel of at
least the amount required by ACI 318-77° should be
provided at the splice end near the bend location.

(6) For moderate levels of shear up to 3 V£ (psi)
(0.25 VI” MPa) the stirrups provided for bond are
also effective in shear.

(7) Because of the high demands placed on first-
story columns, it is recommended that splices should
not be used close to ground level where hinges cannot
be forced into beams framing into the columns.
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