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ABSTRACT: A compression lap splice may be calculated to be longer than a tension lap splice in high strength 
concrete according to current design codes. An experimental study was conducted using compressive concrete 
strengths of 40 and 60 MPa with and without transverse reinforcement, and the effects of compressive strength 
of concrete, transverse reinforcement, and splice length were assessed. A design equation was derived for 
compression lap splices with and without transverse reinforcement through regression analysis. For practical 
purposes, additional provisions were proposed regarding the strength limits of the materials and the arrange-
ment of transverse reinforcement. In addition, a simplified equation was suggested for a design code provision.  

1 INTRODUCTION 

The ACI 318 (2008) lap requirements for compres-
sion splices have remained the same since the 1963 
Code and do not include the effects of compressive 
strength of concrete and transverse reinforcement. 
Because of end bearing, the splice length in compres-
sion can be shorter than the length in tension to de-
velop the specified yield strength of the reinforcing 
bars. However, according to ACI 318 (2008), a 
compression lap splice can be longer than a tension 
lap splice as the concrete strength becomes higher, as 
shown in Figure 1. This anomaly arises because the 
provisions for compression splices do not properly 
consider the effects of transverse reinforcement and 
the compressive strength of the concrete. Therefore, 
new criteria for compression lap splices with trans-
verse reinforcement are required. 

This research proposed an equation to predict 
splice strengths with transverse reinforcement, which 
was then converted into an equation for splice 
lengths. The equation was derived through a regres-
sion analysis of the test results (Chun et al. 2009a, b) 
conducted by the authors based on a model (Chun et 
al. 2009c) of unconfined splices. For practical pur-
poses, additional provisions were proposed regarding 
the strength limits of the materials and the arrange-
ment of transverse reinforcement. In addition, a more 
simplified equation for a design code provision was 
suggested. 
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Figure 1. Comparison of calculated splice lengths with varying 
concrete compressive strengths. 

2 EXPERIMENTAL PROGRAM 

In order to evaluate the effects of compressive 
strength of concrete and transverse reinforcement, 
column specimens with lapped splices were concen-
trically loaded in a manner similar to that used in 
previous tests (Cairns & Arthur 1979, Pfister & Mat-
tock 1963). 

Two bar diameters, 22 mm and 29 mm, were cho-
sen, and their design yield strength was 420 MPa. 
The measured yield strength, tensile strength, and 
modulus of elasticity of the 22 mm bars were 513.5 
MPa, 617.6 MPa, and 183.9 GPa, respectively, and 
those of the 29 mm bars were 471.4 MPa, 601.9 
MPa, and 189.4 GPa, respectively. The compressive 
strengths of the concrete were designed to be 40 
MPa and 60 MPa, which were higher than the maxi-
mum strength used in the previous tests (Cairns & 
Arthur 1979, Pfister & Mattock 1963). 

Three kinds of clear spacings were used: the min-
imum clear spacing of 1.5db required by ACI 318 



(2008) for compression members, along with clear 
spacings of 2.5db and 3.0db. The splice lengths of all 
of the specimens were fixed as 10db, because a splice 
length longer than 10db was expected to make the 
bars yield before a splice failure. Each specimen had 
a duplicate. 

Tied columns with a rectangular cross section 
were selected. The details for a typical test specimen 
are shown in Figure 2. Splitting cracks were intended 
to form through the side cover and between the bars, 
as shown in the horizontal lines of Figure 2(b). 
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Figure 2. Details of specimens. (Note: S14 refers to a strain at 
point 4 of bar 1.) 
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Figure 3. Test setup. 

 
A monotonic axial load was applied to each spe-

cimen using a hydraulic jack with a capacity of 
5000kN, as shown in Figure 3. To determine the end 
bearing and bond contributions, electrical resistance 

strain gages were attached to four points per bar, as 
shown in Figure 2(a). The gages were mounted at a 
distance of 1db from the end of one bar and at the 
same level for the other spliced bar. Detailed test re-
sults were reported in Chun et al. (2009a, b). 

3 PROPOSED MODEL OF COMPRESSION 
SPLICES 

A new model for predicting the splice strength with 
transverse reinforcement was developed on the basis 
of the experimental results and the model (Chun et al. 
2009c) for compression splices without transverse 
reinforcement. For practical purposes, an equation 
for the splice length was derived, and additional pro-
visions were proposed regarding the strength limits 
of materials and arrangement of the transverse rein-
forcement. In addition, a more simplified equation for 
a design code provision was suggested. 

4 MEAN STRENGTH OF COMPRESSION 
SPLICES 

The compression splice strength with transverse rein-
forcement can be obtained by adding the contribution 
of the transverse reinforcement to the splice strength 
without transverse reinforcement. Since the splice 
strength consists of the bond and the end bearing ca-
pacities, both effects of the transverse reinforcement, 
on the bond and the end bearing, should be assessed. 

The test results showed that only when the trans-
verse reinforcement was placed at the ends, the end 
bearing strength was enhanced by 1.8√fc’ MPa. The 
bond strength increases proportionally to the amount 
of transverse reinforcement within Ktr/db = 1.76. 

A regression analysis was carried out with 21 
specimens that failed in splitting, which provided an 
equation for predicting the mean strengths of com-
pression splices, fsc,p. 
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where fsc,p = predicted mean strength of compression 
splice; Ktr = transverse reinforcement index of ACI 
318-08; db = bar diameter; ls = compression splice 
length; fc’ = compressive strength of concrete; δ = 1 
(one) if transverse reinforcement is placed at the ends 
or δ is 0 (zero); and Ktr/db cannot be greater than 
1.76. 

The splice strengths predicted by Equation (1) 
were compared to the test values for 51 specimens 
tested by the authors, including 30 specimens (Chun 
et al. 2009a) without transverse reinforcement, as 
seen in Figure 4. Equation (1) could be used to 
properly evaluate the splice strengths regardless of 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



the existence of transverse reinforcement. The coeffi-
cient of variation (COV) for the ratios of test to pre-
dicted values was only 9.1% and the average value of 
the ratios was 1.01.  
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Figure 4. Comparison of test results and predicted values. 
(Note: ( ) = number of specimens.) 

 
 

4.1 Design strength and length of compression 
splices 

A 5% fractile (Natrella 1966) coefficient, n5%, was 
introduced to determine the design strength (fsc,d) 
from the mean strength of a compression splice (fsc,p). 
A value of 0.82 was calculated for n5% using the 
COV of 9.1% and the specimen number of 51. For 
design purposes, it is desirable to determine the 
splice length rather than the splice strength. The cur-
rent equation of ACI 318-08 can be adopted as the 
upper limit of the splice length because it has been 
practically justified for normal strength concrete. 
Equation (1) can be solved for ls by incorporating 
the n5% of 0.82.  
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where fy = specified yield strength of a reinforcing 
bar; and the upper limits are replaced with 
(0.13fy−24) if fy is greater than 420 MPa. 

4.2 Additional provisions for compression splices 
The maximum compressive strength of the concrete 
of the specimens was 73.7 MPa, used in developing 
Equation (1). Equation (2) is suggested to be avail-
able within a compressive strength of concrete of 70 

MPa, which is the upper limit adopted in Chapter 12 
of ACI 318-08. 

The maximum yield strength used in this study 
was 513.5 MPa, and therefore, it is possible to splice 
Grade 520 reinforcing bars in compression using 
Equation (2). For reinforcing bars conforming to 
ASTM A 1035 (2007) and bars with a higher yield 
strength than 520 MPa, lap splices should not be 
used in compression because the yield strain of the 
bars is greater than the ultimate strain of the cover 
concrete (usually 0.003 mm/mm). Mechanical or 
welded splices are recommended for these reinforc-
ing bars. 

Only the transverse reinforcement at the ends of 
the lap length enhances the end bearing strength. If it 
is not possible to accurately place transverse rein-
forcement at the ends, the additional bearing strength 
of 1.8√fc’ MPa should be ignored in Equation (1). 
Moreover, in a case where the lap length is less than 
16db, no transverse reinforcement may be placed 
along the lap length; therefore, Ktr/db should be cal-
culated as a precaution. Instead of the 300 mm of 
Section 12.16.1 of ACI 318-08, 16db is suggested as 
a minimum compression lap length with transverse 
reinforcement, in accordance with a minimum verti-
cal spacing of ties in compression members. 

The splice lengths given by Equation (2), with the 
suggested provisions, are compared with the lengths 
given by ACI 318-08 in Figure 5. The anomaly that a 
compression lap splice could be longer than a tension 
lap splice is settled with the proposed equation and 
provisions. 
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Figure 5. Comparison of splice lengths by ACI 318-08 with 
those by the proposed equation. 

 
 

4.3 Simplified equation for compression splice 
length 

Compared with the ACI 318-08 equation for a com-
pression splice, Equation (2) is too complicated, 
even though each term of Equation (2) has a dis-
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
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relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
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paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



tinct meaning. For practical purposes, the simplified 
form shown in Equation (3) was suggested from a 
regression analysis with a coefficient of determina-
tion (R2) of 0.955. The form of Equation (3) was 
based on the equation (12-1) of ACI 318-08, and the 
data for the regression analysis were generated using 
Equation (2) with fy = 420 MPa and 520 MPa. 
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Figure 6. Comparison of splice lengths by Eq. (2) and Eq. 
(4). 

 
A parametric study showed that Equation (3) 

gave unconservative results for splices with low 
strength concrete and higher Ktr. Therefore, the co-
efficient of 0.0075 needed to increase. The final sim-
plified equation is proposed in Equation (4). The 
splice lengths given by Equation (4) are compared 
with the lengths given by Equation (2) in Figure 6, 
which shows that the simplified equation gives safe 
splice lengths. 
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where the splice length (ls/db)final shall be multiplied 
by the factor 1/(1+0.134Ktr/db)2 if a transverse rein-
forcement is placed, and the term Ktr/db shall not be 
taken greater than 1.76. The upper limits of Equation 
(4) are replaced with (0.13fy−24) if fy is greater than 
420 MPa. 

5 CONCLUSIONS 

A compression splice can be longer than a tension 
splice when using ACI 318-08 with high strength 
concrete. A design equation for a splice length in 
compression was developed through a regression 
analysis for 30 unconfined and 21 confined speci-
mens that failed in splitting. By using the 5% fractile 
coefficient of 0.82, the splice length calculated by the 
proposed equation had a reliability equivalent to rein-
forcing bars. For practical purposes, additional provi-
sions were proposed regarding the strength limits of 
materials and arrangement of the transverse rein-
forcement. In addition, a more simplified equation for 
a design code provision was also suggested. 
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of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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