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ABSTRACT 

Thirty-nine tension lap-splice tests of high-strength reinforcement in high-strength 

concrete were performed and combined with test results in a large database to develop and evaluate 

design criteria for splice and development length. The experimental study included spliced No. 5, 

No. 8, No. 11, and No. 14 (16, 25, 36, and 43 mm) bars loaded to stresses at splice failure ranging 

from 70 to 150 ksi (483 to 1034 MPa) in concrete with compressive strengths between 6 and 16 

ksi (41 to 110 MPa), with all but one specimen with strengths above 10 ksi (69 MPa). Other 

variables include the quantity of confining transverse reinforcement; minimum concrete cover [1 

to 3.1 in. (25 to 79 mm)]; and splice lengths [17db to 54db], where db is the bar diameter. ASTM 

A1035 (Grade 120 (830)) bars were used to ensure splice failure prior to yielding. 

The development/splice strength criteria developed in this study account for the effect of 

concrete cover, bar spacing, bar geometry, bar size, splice/development length, confining 

transverse reinforcement, and concrete compressive strength. The design expression incorporates 

a strength reduction factor based on a reliability-based approach and the Monte Carlo technique. 

The contribution of concrete strength to bond for bars not confined by transverse 

reinforcement is best represented by the ¼ power of concrete compressive strength, and for bars 

confined by transverse reinforcement, the increase in bond strength due to transverse 

reinforcement is best represented by ½ power of concrete compressive strength. Increases in 

splice/development lengths above 60db are ineffective for bars not confined by transverse 

reinforcement.  

The design criteria in ACI 318-19 for the development length of straight reinforcement are 

unconservative for bars not confined by transverse reinforcement, regardless of bar size and bar 

stress, and are unconservative for No. 18 (57 mm) bars confined by transverse reinforcement. ACI 

318-19 is also unconservative for No. 6 (19 mm) and smaller bars confined by transverse 

reinforcement when (1) the smaller of the concrete side cover to the center of the bar or half the 

center-to-center bar spacing is less than the bottom (or top) cover to the center of the bar and (2) 
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the clear distance of a splice to the nearest vertical leg of confining transverse reinforcement is 

greater than 4db. The descriptive equation in ACI 408R-03 progressively overpredicts bond 

strength as bar size increases, regardless of the presence of confining transverse reinforcement and 

for bars not confined by transverse reinforcement with an increase in splice length. The descriptive 

equation developed in this study is not biased with respect to bar size and not biased with respect 

to splice length for bars not confined by transverse reinforcement. It slightly underpredicts the 

bond strength with increased splice length for bars confined by transverse reinforcement. The 

descriptive equation and design criteria developed in this study are applicable for concrete 

compressive strengths up to 16 ksi (110 MPa) and bar stresses up to 125 ksi (862 MPa) for bars 

not confined by transverse reinforcement and 155 ksi (1069 MPa) for bars confined by transverse 

reinforcement. 

Four modifications are proposed to reduce the unconservative nature of ACI 318-19 design 

criteria: (1) limit maximum splice/development length to 60db for bars without confining 

transverse reinforcement; (2) use a confinement factor of 1.15 and 1.0 for bars without and with 

confining transverse reinforcement, respectively; (3) use a bar size factor of 1.2 for bars larger than 

No. 11 (36 mm) not confined by transverse reinforcement and bars larger than No. 14 (43 mm) 

confined by transverse reinforcement; and (4) do not consider vertical confining reinforcement, 

and thus, take Ktr = 0, for No. 6 (19 mm) and smaller bars when (i) the smaller of the concrete side 

cover to the center of the bar and half the center-to-center bar spacing is less than the bottom (or 

top) cover to the center of the bar, and (ii) the clear distance of a splice to the nearest vertical leg 

of confining transverse reinforcement is greater than 4db.    

 

Keywords: ACI 318; ACI 408; bond; building code; development; high-strength concrete; high-

strength steel; lap splice; reinforced concrete; reliability; splitting; structural engineering 
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CHAPTER 1 : INTRODUCTION 

1.1 GENERAL 

Concrete exhibits good strength in compression but is weak in tension. To overcome this 

limitation, concrete is typically reinforced with steel, which exhibits good tensile strength. One of 

the underlying assumptions in reinforced concrete design is that no relative slip occurs between 

the concrete and bar (Darwin and Dolan 2021). Achieving this requires that a sufficient length of 

bar, the development length, be embedded in the concrete to ensure the bar can reach its yield 

strength. Practical considerations often necessitate splicing reinforcing bars, primarily to overcome 

transportation limitations on bar length when constructing long-span members. Lap splicing, 

overlapping the bars, is the most common method. 

The current provisions for development length and splice length in the ACI 318 Building 

Code were initially introduced in 1995, based on an expression developed by Orangun et al. (1975, 

1977). The expression was derived from a regression analysis of test results, primarily involving 

specimens with concrete compressive strengths below 6 ksi (41 MPa) and developed bar stresses 

below 100 ksi (689 MPa). These limitations on the available test data led ACI 318 to limit concrete 

compressive strength to 10 ksi (69 MPa) for use in the expression to calculate the development 

length of straight bars. Since then, the ACI 318 provisions for the development of straight bars 

have undergone only two changes. The first modification took place in 2008 and involved 

simplifying and enhancing the accuracy of the development length equation by removing the yield 

strength of transverse reinforcement from the equation. The second modification was introduced 

in 2019 by adding a reinforcement grade factor (ψg) to the development length equation to account 

for the nonproportional relationship between the stress being developed in a reinforcing bar and 

the development length required to do so. Moreover, the code mandated minimum transverse 

reinforcement to develop straight bars of Grade 80 (550) or higher strength bars spaced closer than 
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6 in. (152 mm) on center. This change aimed to address, to some extent, the unconservative nature 

of the design provisions for high-strength bars and to ensure ductile behavior but was not based 

on actual differences in splice or development behavior observed above 80 ksi (552 MPa). 

Since 1975, the database for bar development, maintained by the ACI 408 Committee, has 

undergone significant expansion. Using linear regression analysis, Zuo and Darwin (1998, 2000) 

developed a best-fit descriptive equation based on their test results and the available test results 

from earlier studies. Subsequently, ACI 408 Committee updated their empirical descriptive 

equation and developed design provisions using the expanded ACI 408 Database (2001).  While 

that database contains a wealth of test results, the majority of the data pertains to developed bar 

stress levels below 80 ksi (552 MPa). The most recent database at the initiation of this research, 

ACI 408 Database (2021), includes more data for bar stress levels above 80 ksi (552 MPa) in 

normal-strength concrete, but there is still a lack of adequate data to validate the existing 

descriptive equation for bar stresses higher than 80 ksi (552 MPa) in concrete with compressive 

strength exceeding 10 ksi (69 MPa), as depicted by the nearly empty top-right quadrant in Figure 

1.1 for tests without confining transverse reinforcement and Figure 1.2 for tests with confining 

transverse reinforcement. 

This study involves beam splice tests of high-strength reinforcing bars (yield strength 

exceeding 120 ksi (827 MPa)) with bar stresses exceeding 80 ksi (552 MPa) cast in high-strength 

concrete (compressive strength exceeding 10 ksi (69 MPa)). The variables include the level of 

transverse confining reinforcement, concrete strength, bar size, and splice length. Using the test 

results from this and prior studies, descriptive and design equations are derived for development 

and splice strength across the full range of concrete compressive and reinforcing bar strengths 

employed in practice. Design recommendations are provided. 
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Figure 1.1 ACI 408 database (2021) for specimens without confining transverse reinforcement 

in splice region (1 ksi = 6.89 MPa) 

 

 
Figure 1.2 ACI 408 database (2021) for specimens with confining transverse reinforcement in 

splice region (1 ksi = 6.89 MPa) 
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1.2 BOND BEHAVIOR 

Bond force is characterized as the force that resists relative slip between the bar and the 

surrounding concrete. For a deformed bar, bond force is provided by adhesion, frictional 

resistance, and mechanical interlocking between the reinforcing bar and the concrete, as shown in 

Figure 1.3.  Initially, bond is provided by adhesion between the steel and the concrete, but with 

increased force, slip occurs and, as a result, adhesion no longer plays a role. After initial slip, 

bearing of the bar deformations against the concrete and friction between the deformations and the 

concrete provide the bond force. 

 
Figure 1.3 Transfer of bond force (ACI 408R-03) 

Cracking around the reinforcement due to shrinkage, settlement, or flexural stress causes 

the distribution of tensile force along the bar to become uneven, with a maximum force at the crack 

locations and a minimal force between the cracks, as shown in Figure 1.4. In the figure, M 

represents the bending moment applied to a reinforced concrete member, T is the tensile force 

generated in a reinforcing bar, and U represents the bond force per unit length, which is equivalent 

to the change in tensile force (dT) per unit length (dx). Predicting the distribution of bond force 

along a reinforcing bar is challenging due to various factors, primarily the location of flexural 

cracks and the tensile capacity of the concrete, which are difficult to calculate. However, for design 

purposes, treating the bond forces as if they were uniformly distributed over the bonded length is 

convenient (ACI 408R-03). 
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.  

Figure 1.4 Distribution of bar force and bond force in a reinforced concrete member subjected to 

pure bending: (a) cracked section; (b) direction of bond force along steel bar; (c) variation of 

tensile force in bar; (d) variation of bond force along bar (Darwin and Dolan 2021) 

Typically, under monotonic loading, two types of bond failure are observed: pullout and 

splitting of the concrete cover, as depicted in Figure 1.5. The mode of bond failure is primarily 

influenced by the level of confinement provided by factors such as concrete cover, bar spacing, 

and the amount of transverse reinforcement (stirrups or ties). Pullout failure, shearing of the 

concrete between the deformations of the developed or spliced bar, occurs when there is sufficient 

lateral confinement around the bars, either through concrete cover or a combination of concrete 

cover and transverse reinforcement, to resist concrete splitting. Conversely, lower lateral 
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confinement can lead to bond failure through splitting of the concrete cover. This type of failure 

is initiated by slip of the bar within the concrete, with the deformations serving as wedges. This 

wedging action generates a radial tensile stress caused by bearing of the deformations on the 

concrete, leading to the splitting of the concrete cover. Because of design criteria used for 

reinforced concrete, splitting is the dominant mode of bond failure in structures, with pullout 

failure being less prominent (ACI 408.2R-12). 

  
    (a)       (b) 

Figure 1.5 Mechanism of bond failure: (a) side view of a member with pullout failure; (b) end 

view of a member with splitting failure (ACI 408R-03) 

The nature of a splitting failure is influenced by the concrete cover dimensions (Figure 

1.6): clear bottom cover (cb), the clear bar spacing (2csi), and clear side cover (cso) (Orangun et al. 

1977). A value of cb greater than the minimum value between cso and csi, leads to the formation of 

horizontal splitting cracks at the level of the reinforcing bar, resulting in a side split failure (Figure 

1.7a and Figure 1.8a). Conversely, when cb is less than the smaller of cso and csi, the failure mode 

involves the development of vertical longitudinal cracks, which may be followed by the formations 

of horizontal cracks, leading to a face-and-side splitting failure (Figure 1.7b and Figure 1.8b). In 

the case where cb is significantly smaller than cso and csi, multiple vertical cracks form, resulting 

in V-notch failure (Figure 1.7c and Figure 1.8c). 
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(a)            (b) 

Figure 1.6 Concrete cover: (a) with single bars; (b) with spliced bars 

                      

(a)      (b)     (c) 

Figure 1.7 Splitting failure pattern with single bars: (a) side splitting failure; (b) face-and-side 

split failure; (c) V-notch failure 

            

(a)        (b)      (c) 

Figure 1.8 Splitting failure pattern with spliced bars: (a) side splitting failure; (b) face-and-side 

split failure; (c) V-notch failure 

Research indicates that numerous parameters influence bond strength. These parameters 

include structural characteristics (such as concrete cover and bar spacing, as described above, 

development and splice length, transverse reinforcement, bar casting position, and spacing 

between spliced bars), concrete properties (such as compressive strength, tensile strength, fracture 

energy, aggregate type and quantity, admixtures used, slump, presence of fiber reinforcement, and 
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consolidation), and bar properties (including size, geometry, steel stress and yield strength, and 

surface condition) (ACI 408R-03). Among the parameters mentioned, those normally considered 

in design are discussed in Section 1.3. 

Expressions for development and splice length are usually established based on regression 

analysis of test results. The choice of specimen impacts the results. Four common configurations 

are typically used: pullout, beam-end, beam anchorage, and splice specimens (Figure 1.9). The 

pullout specimen, as shown in Figure 1.9a, is the simplest to fabricate and test, but it is the least 

representative for simulating the stress condition in reinforced concrete structures; the bar is 

subjected to tension while the concrete is in compression, unlike most reinforced concrete 

members where both the bars and the concrete are in tension. The other three specimens (beam-

end, beam anchorage, and splice) offer more realistic states of stress in the vicinity of the bar. The 

beam-end test (specimen shown in Figure 1.9b), is the simplest and is used to determine relative 

bond strength (ASTM A944), but provides bond strength that is generally higher than obtained in 

development and splice tests and is not directly applicable to reinforced concrete structures. The 

beam anchorage and splice specimens are larger-scale specimens that allow the direct 

measurement of development and splice strength. The beam anchorage specimen (Figure 1.9c), 

can simulate flexural cracks and a known bonded length. The splice specimen (Figure 1.9d)), 

typically fabricated with a lap splice in a constant moment region, is easier to fabricate than the 

beam anchorage specimen but provides bond strength similar to that obtained in the beam 

anchorage specimen (Orangun et al. 1975). Because of both their realism and relative simplicity, 

splice specimens have been used extensively to generate the data that underpin the existing design 

provisions for both development length and splice length in the ACI 318, Building Code 

Requirements for Structural Concrete, (ACI 408R-03). 
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(a)               (b) 

                         

(c)             (d) 

Figure 1.9 Schematic representation: (a) pullout specimen; (b) beam-end specimen; (c) beam 

anchorage specimen; (d) splice specimen (ACI 408R-03) 

The bond behavior of reinforced concrete members changes as higher strength materials 

are used. In recent decades, the maximum attainable compressive strength and use of high-strength 

concrete in high-rise buildings and bridges have increased. High-strength concrete offers many 

advantages, including improved durability and abrasion resistance, reduced member sizes, and 

enhanced load-carrying capacity (ACI 363R-10, Darwin and Dolan 2021). Similarly, in recent 

years, the development and use of high-strength steel reinforcement has gained ground in the 

construction industry, offering significant advantages over conventional reinforcement – it can 

help to reduce congestion and material costs, improve the quality of placed concrete, and reduce 

construction time and total construction expense (NIST 2014, ATC 2014). Over the years, design 

standards and practices have increasingly incorporated reinforcing bars with progressively higher 

yield strengths based on the range of data obtained from testing and field observations. In 1963, 

ACI 318 permitted steel bars with a yield strength of 60 ksi (414 MPa) for the first time. The latest 
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changes in the ACI Building Code (ACI 318-19) now permit yield strengths up to 100 ksi (689 

MPa) for longitudinal reinforcement in uses other than special moment-resisting frames and 

torsion design. ASTM A1035, which originally introduced specifications for Grade 100 (690) bars 

in 2004, now includes specifications for Grade 120 (830) bars as well, although the higher strength 

is not currently permitted in ACI 318 (ACI Committee 318 2019). 

Although high-strength reinforcement requires longer splice and development lengths than 

traditional reinforcement, the impact can be mitigated by exploring the use of reinforcement with 

a higher relative rib area (ratio of the bearing area of the bar deformations to the shearing area 

between the deformations), described as the relative deformation area in ASTM A955, bars and/or 

using higher-strength concrete (ATC 2014). 

1.3 PREVIOUS STUDIES 

1.3.1 Effect of Concrete Compressive Strength 

The contribution of concrete strength to bond strength was assumed to be well represented 

by the tensile strength of concrete, with tensile strength considered proportional to the square root 

of compressive strength (Ferguson and Breen 1965, Warren 1969, Thompson et al. 1975, 

Thompson et al. 1979). This assumption worked well in earlier studies with normal-strength 

concrete (Ferguson and Thompson 1962, Ferguson and Breen 1965, Thompson et al. 1975). 

Consequently, many descriptive equations were developed representing the effect of concrete 

strength to bond by the square root of concrete compressive strength (Orangun et al. 1975, 1977, 

Darwin et al. 1992, Esfahani and Rangan 1998a, 1998b). However, test results involving higher-

strength concrete and subsequent analysis demonstrated that the square root of compressive 

strength is not appropriate to represent the contribution of concrete strength on bond strength 

(Olsen 1990, Darwin et al. 1995b, 1996b, Zuo and Darwin 1998, 2000, Harajli 2004), as discussed 

below. 
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Azizinamini et al. (1993) and Azizinamini et al. (1999) tested 70 beam splice specimens, 

examining the effects of splice length (10 to 80 in.; 254 to 2032 mm), bar size (No. 8, and No. 11; 

25, and 36 mm), quantity of transverse reinforcement, casting position, and concrete compressive 

strength (5 to 16.5 ksi; 34 to 114 MPa)) on splice strength. The average bond strength, normalized 

to the square root of concrete compressive strength, decreased as the compressive strength 

increased, particularly with longer splice lengths. This decrease was attributed to the higher 

increase in bearing capacity (related to 𝑓𝑐
′ ) compared to tensile strength (related to √𝑓𝑐

′ ) in high-

strength concrete, leading to failure by splitting near the splice ends before achieving a uniform 

load distribution along the bar. The study concluded that increasing splice length is not an effective 

approach for bond development in high-strength concrete and suggested incorporating transverse 

reinforcement over the splice region as a better solution. 

Darwin et al. (1995a, 1996a) conducted an extensive study using beam splice specimens, 

analyzing the effects of various parameters on bond strength. They tested 83 specimens, including 

uncoated and epoxy-coated bars, and evaluated factors such as bar size, relative rib area, and 

transverse reinforcement. The study included No. 5, No. 8, and No. 11 (16, 25, and 36 mm) bars 

with relative rib areas ranging between 0.065 and 0.14. Combining Darwin et al. (1995a, 1996a) 

findings with previous test results, Darwin et al. (1995b, 1996b) formulated a descriptive equation 

based on a total of 133 specimens without transverse reinforcement and 166 specimens with 

confining transverse reinforcement for uncoated bars. Notably, the Darwin et al. (1995b, 1996b) 

study revealed that the contribution of concrete strength to bond strength is better represented as 

the function of 𝑓𝑐
′ 1/4

 rather the traditional representation of 𝑓𝑐
′ 1/2

.  

Zuo and Darwin (1998, 2000) investigated the effects of concrete strength, coarse 

aggregate quantity and type, and reinforcing bar geometry on splice strength. They tested 64 beam 

splice specimens with concrete strengths ranging from 4.2 to 15.7 ksi (29 to 108 MPa). The extent 
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and nature of damage at the steel-concrete interface were observed to vary with the concrete 

strength and relative rib area of bars. In normal-strength concrete specimens, similar to Darwin et 

al. (1995a, 1996a) observation, damage consisted of crushed concrete between the bar ribs for 

conventional bars and crushed and sheared concrete for high relative rib area bars. The damage 

(crushed/sheared concrete) at the interface was more extensive near the splice ends, and the greater 

the confinement provided by transverse reinforcement, the greater the damage. The damage at the 

concrete-steel interface in high-strength concrete specimens with transverse reinforcement was 

similar to that of normal-strength concrete beams, though over a greater length; however, little or 

no damage at the interface was observed in high-strength specimens lacking transverse 

reinforcement. A descriptive equation was developed based on a database of 171 specimens 

without confining reinforcement and 196 specimens with confining reinforcement. The study 

concluded that 𝑓𝑐
′ 1/4

 provides the best representation of the impact of compressive strength on 

bond strength for specimens without transverse reinforcement and that the contribution of concrete 

to added bond strength with the inclusion of transverse reinforcement is best represented by 

concrete compressive strength to power between ¾ and 1. Additionally, the study revealed that 

concrete with stronger coarse aggregate provides higher splice strength for all conditions of 

confinement and that the contribution of transverse reinforcement to bond strength increases with 

the increase in coarse aggregate content. 

1.3.2 Effect of Bar Size 

The bond strength of a bar increases nearly linearly, but not proportionally, with its area 

(Orangun et al. 1975, 1977, Darwin et al. 1992, Darwin et al. 1995b, 1996b, Zuo and Darwin 1998, 

2000) for a given bonded length. Hence, a larger bar needs longer development/splice length than 

a smaller one to achieve the same bar stress.  
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The contribution of transverse reinforcement to bond strength is also observed to increase 

with the bar size (Darwin et al. 1995a, 1996a). This behavior is attributed to the increasing wedging 

action of the bar with an increase in diameter, leading to elevated stress in the stirrups and 

consequently resulting in more effective confinement. 

To account for the effect of bar size on the required development length, ACI 318-19 

provisions include a bar size factor of 0.8 for No.6 and smaller bars and a bar size factor of 1 for 

No.7 and larger bars. However, as discussed in Section 1.4.1, the test data do not support using a 

bar size factor 0.8 with the current design equation. 

Rulon et al. (2021) tested 11 splice specimens to investigate the bond strength of larger 

bars, specifically No. 14 and No. 18 (43 and 57 mm). Concrete compressive strengths ranged from 

5 to 11 ksi (34 to 76 MPa), and the bars experienced stresses in the range of 52 to 109 ksi (358 to 

754 MPa). Their study combined the results from their tests with those reported in the ACI 408 

Database (2021). The researchers observed that as the bar diameter increases, the development 

length equations in both ACI 318-19 and ACI 408R-03 (refer to Section 1.4.1 and Section 1.4.2 

respectively) become less conservative and become unconservative for No. 14 and No. 18 (43 and 

57 mm) bars. To address this effect, Rulon et al. (2021) proposed a modification to the existing 

bar size factor (ψs) in ACI 318-19 and the addition of a similar bar size factor into the ACI 408R-

03 equation, equal to 1 for No. 10 (32 mm) and smaller bars, 1.15 for No. 11 (36 mm) bars, and 

1.25 for No. 14 (43 mm) and larger bars. Alternatively, they proposed removing the bar size factor 

and multiplying the development length equation in ACI 318-19 by db
0.25, making the required 

development length proportional to db
1.25, and similarly, they proposed multiplying the equation 

in ACI 408R-03 by db
0.35, so the required development length becomes proportional to db

1.35. 
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1.3.3 Effect of Bar Geometry 

The geometry of the bar affects its bond strength (Abrams 1913). Among different 

geometrical parameters studied (deformation height, deformation spacing, deformation face angle, 

inclination of transverse deformations, and relative rib area) (Clark 1946, 1949, Lutz and Gergely 

1967, Losberg and Olsson 1979, Soretz and Holzenbein 1979, Darwin and Graham 1993, Cairns 

and Jones 1995, Darwin et al. 1995a, 1996a, Zuo and Darwin 1998, 2000). Relative rib area, as 

defined in Figure 1.10, is a key variable affecting the bond strength of a deformed bar (Darwin and 

Graham 1993, Cairns and Jones 1995, Darwin et al. 1995a, 1996a, Zuo and Darwin 1998, 2000). 

The average relative rib area of conventional bar in the 1990s was 0.0727 (ACI 408R-03). 

 
projected deformation area normal to bar axis

nominal bar perimeter center-to-center deformation spacing
rR 


 (1.1) 

 
Figure 1.10 Definition of relative rib area (ACI 408R-03) 

Darwin and Graham (1993) studied the effects of deformation height and spacing on the 

bond strength of uncoated bars in concrete using 110 beam-end specimens. The study employed 

1-inch (25.4 mm) diameter machined bars with varying deformation heights (0.05, 0.075, and 0.1 

in; 1.27, 1.91, 2.54 mm) and deformation spacings (0.26 to 2.2 in.; 6.6 to 55.9 mm), resulting in 

relative rib areas of 0.2, 0.1, and 0.05 for each deformation height, along with a conventional No. 

8 (25 mm) bar having a relative rib area of 0.07. Among the 110 specimens, 44 specimens 
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contained transverse confining reinforcement. The concrete cover for each specimen was either 2 

in. or 3 in (51 or 76 mm). The findings revealed that the relative rib area does not significantly 

affect bond strength under relatively low confinement (absence of confining transverse 

reinforcement and low concrete cover where splitting of the concrete governs the bond strength). 

The study concluded, however, that for bars at higher levels of confinement provided by transverse 

reinforcement, the bond strength increases with an increase in the relative rib area. This bond 

strength increase was found to be independent of the specific combination of deformation height 

and spacing. These results were confirmed in later studies by, Darwin et al. (1995a, 1996a) and 

Zuo and Darwin (1998, 2000). 

1.3.4 Effect of Concrete Cover and Bar Spacing 

 Bond strength increases with increases in concrete cover and bar spacing (Chinn et al. 

1955, Chamberlin 1958, Ferguson and Thompson 1962, Darwin et al. 1992, Hadje-Ghaffari et al. 

1994). 

Orangun et al. (1975, 1977) developed an equation using regression analysis to calculate 

the splice/development length of deformed bars in concrete. The equation incorporated concrete 

strength, cover, bonded length, bar diameter, spacing, and confining reinforcement. To develop 

the equation, a best-fit expression for average bond stress at failure was first obtained using the 

test results of 62 beam specimens without transverse reinforcement from multiple studies. The 

contribution of transverse reinforcement to the bond strength was then added to the expression to 

find the total average bond stress based on a statistical analysis of test results with transverse 

reinforcement. The resulting expression was simplified to develop a final development/splice 

length equation. Each test specimen considered contained one or two splices in a constant moment 

region. Only specimens where the steel bar did not yield and those with contact splices were 

considered in the analysis. The results showed that bond strength increases as the ratio of cover to 



16 

 

bar diameter increases. Because there was a lack of test data for cover-to-bar diameter ratios 

exceeding 2.5, the equation was recommended for applications with a maximum cover to bar 

diameter ratio of 2.5. For higher cover-to-bar diameter ratios, it was anticipated that pull-out failure 

would govern instead of concrete splitting. 

The minimum value of the concrete cover cb or cso, or half the center-to center bar spacing, 

csi , as shown in Figure 1.6, cmin, was observed to be a primary controller of bond strength (Orangun 

et al. 1975, 1977, Darwin et al. 1992, Darwin et al. 1995b, 1996b). For the given cmin, the relative 

value of cb, cso and csi was also found to increase the bond strength of bars without transverse 

reinforcement by the ratio (Darwin et al. 1995b, 1996b): 

                 max

min

(0.1 0.9) 1.25
c

c
          (1.2) 

where 

max

min

maximum ( , );

minimum ( , );  and

minimum ( , 0.25 in. (6.4 mm)).

b s

b s

s so si

c c c

c c c

c c c





 

 

The addition of 0.25 in. to csi when calculating cs is based on the observation that splitting 

cracks that form between bars tend to have a somewhat longer effective length than the half the 

clear space between the bars (Darwin et al. 1995b, 1996b). 

1.3.5 Effect of Transverse Reinforcement 

The presence of transverse reinforcement (stirrups) increases the bond strength of bars 

compared to similar bars without transverse reinforcement (Chinn et al. 1955, Ferguson and Breen 

1965, Ferguson and Krishnaswamy 1971, Thompson et al. 1979, Rezansoff et al. 1992, Darwin 

and Graham 1993, Hamad and Jirsa 1993, Hester et al. 1993, Seliem et al. 2009). 

Stirrups serve as crack arresters (Warren 1969), and splitting cracks in the splice region are 

found to be less severe in specimens with stirrups than without stirrups (Thompson et al. 1979). 
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Flexural cracks in the splice region generally propagate along the stirrups, whereas, in specimens 

without stirrups the cracks form randomly (Hamad and Jirsa 1993). Specimens with transverse 

reinforcement are found to fail less abruptly than similar specimens without transverse 

reinforcement (Ferguson and Breen 1965, Warren 1969, Thompson et al. 1979, Hamad and Jirsa 

1993, Seliem et al. 2009).  

The stress developed in transverse reinforcement at bond failure depends on their position 

within the splice region, with higher stress associated with stirrups near the ends of the splice and 

progressively decreasing stress towards the middle of the splice (Thompson et al. 1979, 

Azizinamini et al. 1995, Azizinamini et al. 1999). Also, it is observed that stirrups placed near the 

splice ends contribute more to the bond strength than those placed in the middle of the splice (Sim 

2014). 

Orangun et al. (1975, 1977) observed that as the ratio of transverse restraint relative to bar 

diameter (Atrfyt/sdb) increased, bond strength also increased. Here, ‘Atr’ is area of transverse 

reinforcement normal to the plane of splitting, ‘fyt’ is yield strength of transverse reinforcement, 

‘s’ is spacing of transverse reinforcement, and ‘db’ is bar diameter. They noted, however, a 

threshold beyond which the effectiveness of transverse reinforcement diminishes, necessitating an 

upper limit, which was also observed in a study by Hester et al. (1993). Based on splice tests 

involving substantial transverse reinforcement, an upper limit of Atrfyt/sdb = 1500 was deemed 

reasonable (Orangun et al. 1975, 1977). 

Azizinamini et al. (1995) investigated the amount of transverse reinforcement required to 

prevent a brittle mode of bond failure by testing seven beam splice specimens. The specimens 

contained three No. 11 (36 mm) Grade 60 (420) bars spliced at the mid-span, with a concrete cover 

equal to one bar diameter. The splice length ranged from 45 to 80 in (1143 to 2032 mm). The 

stirrups consisted of No. 2 or No. 3 (6 or 10 mm) Grade 60 (420) bars. Azizinamini et al. (1995) 
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reported the distribution of stirrup strain over the splice length obtained from this study as well as 

from an earlier study (Azizinamini et al. 1993) and observed that stirrups seldom yield during 

splice failure. This observation parallels the conclusions made by Darwin et al. (1995b, 1996b) 

and Glucksman (2018) that the yield strength of transverse reinforcement, included in the 

expressions developed by Orangun et al. (1977, 1977), has no significant role in improving the 

development/splice strength of bars confined by transverse reinforcement. Hence, as stated in 

Darwin et al. (1995a, 1996a), the total area is the governing parameter rather than the total yield 

capacity of the transverse reinforcement. 

Seliem et al. (2009) tested 69 specimens to investigate the splice strength of ASTM A1035 

steel reinforcing bars. The bars had a yield strength of 120 ksi (827 MPa), based on the 0.2% offset 

method. The research examined the effects of concrete compressive strength (4.1 to 10.2 ksi; 28 

to 70 MPa), bar size (No. 5, No. 8, and No. 11; 16, 25, and 36 mm), concrete cover (0.75 to 2 in.; 

19 to 51 mm), splice length (15 to 91 in.; 381 to 2311 mm), and the presence of confining 

transverse reinforcement (No. 4 (13 mm) stirrups spaced at 2 to 19.8 in. (51 to 502 mm) center).  

Stress levels between 68 and 120 ksi (469 and 827 MPa) were obtained for splices without 

transverse reinforcement and between 89 and 155 ksi (613 and 1069 MPa) for splices with 

transverse reinforcement. The use of transverse reinforcement consistently increased the bond 

strength and transformed the failure mode from sudden and explosive to gradual. 

1.3.6 Effect of Bonded Length 

Bond strength increases with bonded length with other parameters being constant, but the 

unit length effectiveness decreases with an increase in bonded length (Chinn et al. 1955, Mathey 

and Watstein 1961, Ferguson and Thompson 1962, Ferguson and Krishnaswamy 1971, Darwin et 

al. 1992, Darwin et al. 1996b, Sim 2014). This behavior is attributed to the non-uniform 

distribution of bond force along the bonded length, with higher unit bond force near the loaded 
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end and smaller unit bond force at unloaded ends. The non-uniformity is more prominent in high-

strength concrete than in normal-strength concrete, with non-uniformity increasing with an 

increase in splice length and a decrease in cover (Azizinamini et al. 1993).  

Canbay and Frosch (2005) evaluated test results from 481 beam specimens (203 specimens 

with transverse reinforcement and the 278 specimens without transverse reinforcement). The 

variables in the specimens included splice length, ranging from 5.5 to 98 inches (140 to 2489 mm), 

bar diameter, ranging from 0.38 to 2.26 inches (10 to 57 mm), concrete compressive strength, 

ranging from 1.8 to 16.1 ksi (12 to 111 MPa), and concrete cover, ranging from 0.18 to 4.8 inches 

(4.6 to 122 mm). The study revealed that the splice strength and splice length are not linearly 

related. Instead, the splice strength can be approximately expressed in terms of the square root of 

the ratio of splice length to bar diameter. A similar relationship was observed later by Glucksman 

(2018). Orangun et al. (1975, 1977) and Darwin et al. (1996b) observed a relationship between 

splice strength and splice length that was approximately linear, but non-proportional. 

1.3.7 Effect of Other Factors 

ACI 408R-03 provides a comprehensive overview of various factors influencing the bond 

strength between bars and concrete. Among these factors, bar casting position and surface 

condition play significant roles in addition to previously explained factors. 

The relative vertical position of the horizontal bar during concrete placement notably 

affects bond strength; a decrease in bond strength is observed with an increase in the depth of fresh 

concrete underneath the bar (Clark 1946, Ferguson and Thompson 1962, 1965, Warren 1969, 

Thompson et al. 1975, Thompson et al. 1979, Jirsa and Breen 1981, Donahey and Darwin 1983, 

1985, Altowaiji et al. 1984, Brettmann et al. 1984, Altowaiji et al. 1986, Jeanty et al. 1988). The 

reduction in bond strength is attributed to the settlement of concrete around the bar and the 

accumulation of bleeding water underneath the bar (ACI 408R-03, Darwin 2005). This effect 
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becomes more prominent with an increase in a slump and a decrease in the top cover (Ferguson 

and Thompson 1965, Donahey and Darwin 1983, 1985, Brettmann et al. 1984, 1986).  

Recognizing the effect of bar casting position on bond behavior, ACI 318 has for many 

years included a casting position factor, also known as a reinforcement location factor, of 1.3 when 

the depth of fresh concrete below the horizontal bar is more than 12 inches (305 mm).  

The surface condition of the bar also affects bond strength by influencing the adhesion and 

frictional components of the bond force transfer mechanism. Clean, uncoated bars have higher 

bond strength than similar epoxy-coated bars (ASTM A775, A934) (Mathey and Clifton 1976, 

Johnston and Zia 1982, Treece and Jirsa 1989, Choi et al. 1990, Choi et al. 1991, Hadje-Ghaffari 

et al. 1992, Hadje-Ghaffari et al. 1994). Textured epoxy-coated bars (ASTM A1124), however, 

exhibit comparable splice strength to uncoated bars (Aryal et al. 2023). Bars with thicker epoxy 

coating appear to have lower bond strength than the bars with thinner epoxy coating (Mathey and 

Clifton 1976, Choi et al. 1990, Choi et al. 1991, Miller et al. 2003), and the decrease in bond 

strength due to epoxy coating is observed to be less for bars with higher relative rib area (Choi et 

al. 1990, Choi et al. 1991, Tan et al. 1996, Zuo and Darwin 1998). Apart from reducing bond 

strength, epoxy coating is observed to increase crack width and deflection in structural members 

(Johnston and Zia 1982). 

1.4 DESIGN PROVISIONS AND RECOMMENDATIONS 

1.4.1 ACI Building Code (ACI 318-19) 

The existing provisions in the ACI Building Code (ACI 318-19) for bond design primarily 

stem from the study conducted by Orangun et al. (1975, 1977). Through regression analysis of test 

results, Orangun et al. (1975, 1977) derived an expression for the average bond stress at failure of 

the bar (uc), without the presence of confining transverse reinforcement. 
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 min1.22 3.23 53c b

b dc

u dc

df
  


 (1.3) 

where 

cmin = minimum of (minimum concrete cover, half of the clear spacing between bars); and 

d = development/splice length. 

In their analysis, Orangun et al. (1975, 1977) rounded the coefficient, resulting in the 

following descriptive equation: 

 min1.2 3 50c b

b dc

u dc

df
  


 (1.4) 

Orangun et al. (1975, 1977) also derived an expression for the bond strength of the bar with 

confining transverse reinforcement (ub).: 

 min1.2 3 50
500

tr ytb b

b d bc

A fu dc

d sndf
   


 (1.5) 

where 

Atr = area of confining transverse reinforcement normal to the plane of splitting through the 

anchored bars; fyt = yield strength of transverse reinforcement; and s = spacing of transverse 

reinforcement. 

Equation (1.5) can be presented in terms of bar stress as follows (ACI 408R-03): 

 min
3 ( 0.4 ) 200

500

d tr ytb s
d b b

c

A fA f
c d A

snf


   


 (1.6) 

where n = number of bars being developed or spliced in a considered section.  

Replacing (cmin+ 0.4db) with c’ = (cmin + 0.5db), fs with fy, and solving for d, Eq. (1.6) can 

be simplified to yield the following equation: 
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where 
1500

tr yt

tr

A f
K

sn
  

Equation (1.7) was further simplified and has been adopted in ACI 318 Building Code 

since 1995 in the following form: 
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f
d
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f

d

 
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 (1.8) 

As the value of the term  ' /tr bc K d  increases, development and splice strength increases 

until the mode of failure changes from splitting to pullout. Once this happens, development and 

splice strength no longer increase with added cover and confinement. For this reason,  ' /tr bc K d  

is limited to a maximum of 2.5. Additionally, due to the lack of test data for concrete compressive 

strength exceeding 10 ksi (69 MPa), when Eq. (1.4) and Eq. (1.5) were derived,
cf   was capped 

at a maximum of 100 psi (0.69 MPa). As more data involving high-strength concrete (Darwin et 

al. 1995b, 1996b, Zuo and Darwin 1998, 2000) became available, however, it has been 

demonstrated that bond strength increases more slowly than cf   with the increase in concrete 

strength. Due to the long-standing use of the cf   in the development length equation and the 

satisfactory accuracy of the equation for concrete strength up to 10 ksi, the contribution of concrete 

strength to bond is still represented by cf   with an upper limit of 100 psi. Furthermore, due to 

the absence of adequate test data, lap splices are not allowed for bars larger than No. 11 (36 mm). 

As described in Section 1.3.5, test results show that transverse reinforcement is unlikely to 

yield during bond failure (Azizinamini et al. 1995). As a result, the Ktr term was revised in ACI 

318-08 to 

 
40

tr
tr

A
K

sn
  (1.9) 
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With the recognition of the unconservative nature of the code provision for achieving 

higher bar stress, a provision was added to ACI 318-19 to require a minimum value of Ktr of 0.5db 

to develop bars spaced closer than 6 in. (152 mm) on center, with a specified yield strength fy ≥ 80 

ksi (552 MPa).  

The development length equation in ACI 318-19 is 

 
ψ ψ ψ ψ3

40 '

y t e s g

d b

trc

b

f
d

c Kf

d



 
 
 
   
   

  

 (1.10) 

where 

λ = Lightweight factor (0.75 for lightweight concrete and 1 for normalweight concrete); 

ψt = Casting position factor (1.3 for having more than 12 in. (305 mm) of fresh concrete placed 

below horizontal reinforcement and 1 for other conditions); 

ψe = Epoxy factor (1.5 or 1.2 for epoxy-coated bar and 1 for other conditions); 

ψs = Bar size factor (1 for No. 7 (22 mm) and larger bars and 0.8 for No. 6 (19 mm) and smaller 

bars); and 

ψg = Reinforcement grade factor (1 for Grade 40 (280) or Grade 60 (420) bar, 1.15 for Grade 80 

(550) bar, and 1.3 for Grade 100 (690) bar) 

Although the majority of data used to formulate provisions for development length is based 

on splice tests, ACI 318 mandates a longer splice length compared to the development length 

required to achieve the same stress. In scenarios where bars are spliced at the same section or 

where less than twice the required bar area by analysis is provided at the splice location, ACI 318 

specifies tension lap splices that are 30% longer (Class B splice factor = 1.3) than the development 

length calculated using Eq. (1.10). The 1.3 factor encourages both placing splices away from high-

tensile stress regions and the practice of staggering the splices. These provisions promote ductile 
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failure by allowing the reinforcing bar to yield before splice failure in case of an overload (Rulon 

et al. 2021). The extra safety is justified based on the fact that the development length provisions 

in ACI 318 are somewhat unconservative (ACI 408-03). 

In contrast to ACI 318-19, ACI 408R-03 does not support the provision of a bar size factor. 

The bar size factor was introduced based on very limited test data, with development and splice 

lengths less than 12 in. (305 mm). However, as the bonded length increases (representing more 

realistic lengths), the proportional relationship between bonded length and bond strength in Eq. 

(1.10) becomes progressively less conservative. Evaluating the ACI 318 development length 

equation with the ACI 408 Database (2001) demonstrates that employing the bar size factor results 

in a low test-prediction ratios for a substantial amount of data. The Class B splice factor of 1.3 was 

not incorporated in the evaluation. 

1.4.2 ACI Committee 408 (ACI 408R-03) 

Using a database with 367 specimens, Zuo and Darwin (1998, 2000) developed a best-fit 

equation to calculate the developed bar force Abfs. 

  1 2max
min1 4

min

59.8 0.5 2350 0.1 0.9 31.14 4b s tr
d b b r d c

c

A f c NA
c d A t t f

f c n

   
              

 (1.11) 

where  

cmin = minimum of (cbc, cs); 

cmax = maximum of (cbc, cs);  

cbc = clear bottom cover; 

cs = minimum (cso, csi + 0.25 in.); 

cso = clear side cover; 

csi = half of the bar clear spacing; 

9.6 0.28;r rt R   
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0.78 0.22;d bt d  and 

N = number of transverse reinforcing bars along the development or splice length. 

As explained in Section 1.4.1, there is a limit in increasing the development and splice 

strength by increasing the cover and/or transverse reinforcement, beyond which increasing 

confinement does not increase the strength but changes the failure mode from splitting to pullout. 

Therefore, the applicability of Eq. (1.11) is limited by the following conditions: 

   1 2max
min

min

0.521
0.5 0.1 0.9 4r d tr

b c

b

c t t A
c d f

d c sn
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       

   
 (1.12) 

and  

 16d

bd
  (1.13) 

ACI Committee 408 made slight updates to Eq. (1.11) using the larger ACI 408 Database 

(2001).  
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 (1.14) 

The applicability of Eq. (1.14) is limited in similar fashion as of Eq.  (1.11) using condition 

in Eq. (1.12) and Eq. (1.13). 

Solving Eq. (1.14) with the inclusion of the strength reduction factor ϕ for development 

length results in the following design equation: 
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 (1.15) 

where 0.5
(0.52 / ) ;

tr r d tr c
K t t A sn f  max min(0.1 0.9) 1.25;c c    and (c + Ktr)/db ≤ 4. 

The reliability-based strength reduction factor (ϕ), determined using Monte Carlo analysis, 

was found to be 0.82. Substituting this value into Eq. (1.15) results in the following design 

equation: 
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where 

min 0.5 ;bc c d   

max

min

0.1 0.9 1.25;
c

c
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α = reinforcement location factor; 

β = coating factor; and 

λ = lightweight-concrete factor. 

Both ACI 408R-03 and ACI 318-19 require the development length to be at least 12 inches (305 

mm) long. As reported in ACI 408R-03, the design provisions developed in ACI 408R-03 yield a 

better match with test results than the design provisions in ACI 318-19 (ACI 408R-03, Darwin 

2005). 

1.4.3 CEB-FIP Model Code 2010 

The development length and splice length equation in fib Model Code 2010 is derived from 

the semi-empirical expression Eq. (1.17) developed by fib TG 4.5 (Cairns 2015). Equation (1.17) 

has been calibrated using results from over 800 tests (fib 2013). 
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 (1.17) 

where 

fstm = estimated bar stress developed in bar; 

fcm = measured concrete cylinder compressive strength, 15 MPa < fcm < 110 MPa; 

lb, ϕ =bond length and diameter of lapped or anchored bar respectively; 
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cmin = min (cs/2, cx, cy); 

cmax = max (cs/2, cx); 

cx = clear side cover to bar; 

cy = clear bottom cover to bar; 

cs = clear bar spacing; 

km = coefficient representing efficiency of confining transverse bar; 

/ ( ) 0.05;tr t b tK n Ast n s   

nt = number of legs of confining reinforcement crossing potential plane of splitting surface; 

Ast = cross sectional area of one leg of confining bar; 

nb = number of bars beings developed or spliced; 

st = spacing of confining bar. 

The equation for development length (lb) is as follows: 
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Similarly, the equation for splice length (ls) is  
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where 

sd  bar stress to be developed within bonded length; 

      
1 yd
f for straight tension bars; 
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yd
f   design tensile strength of reinforcing bar; 

1

Area of reinforcing bar required by design
for anchorage; and 

Area of reinforcing bar provided

    =1 for lap splice;

 
 

fbd = ultimate bond strength; 
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2 3,    factors representing the confinement provided by concrete cover and transverse 

reinforcement respectively; 
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 3 / 50 0; 0.05;d tr t trk K K      

t   factor representing effect of bar size and use; 

     = 0.5 for bars up to and including size 25 (nominal bar diameter = 25 mm); 

     = 1 for bars of size 50 (nominal bar diameter = 50 mm); 

     = 0 for distribution reinforcement in walls and slabs; 

t  for intermediate bar sizes may be determined by linear interpolation. 

4  factor representing effect bar stress and distribution of splicing; 0.7 if bar stress is less than 

50% of characteristics strength of steel or if no more than 34% of the bars are spliced in a section, 

otherwise 1; 
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1  epoxy-coating factor (=1.75 for uncoated bars, =1.4 for epoxy-coated bar); 

2  casting position factor (= when good bond conditions are obtained, = 0.7 otherwise); 

3   bar size factor (= 1 for 𝜙 ≤ 25 mm, = (
25

𝜙
)

0.3

 otherwise);  
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4   bar grade factor (=1.0 for fyk = 500 MPa, =1.2 for fyk = 400 MPa, =0.85 for fyk = 600 MPa, 

=0.75 for fyk = 700 MPa, =0.68 for fyk = 800 MPa); 

c  partial safety factor = 1.5; 

fyk = characteristic yield strength; and 

ptr = average compressive stress on the section acting perpendicular to potential surface of splitting 

failure. 

In fib Model Code 2010, the influence of larger side cover is included on the bond strength, 

but the influence of larger bottom cover is not considered, as the cmax term does not include the cy 

term.  

1.5 OBJECTIVE AND SCOPE 

High-strength materials (bars with yield strength > 80 ksi (552 Mpa) and concrete with 

compressive strength > 10 ksi (69 MPa)) in reinforced concrete structures are widely used in the 

construction industry. The splice strength of reinforcement with yield strengths ≤ 80 ksi (552 MPa) 

has been studied in concrete with compressive strengths up to 16 ksi (110 MPa), and the splice 

strength of reinforcement with yield strengths covering the full range of bar stresses, from under 

40 ksi (276 MPa) to over 120 ksi (827 MPa), has been studied in concrete with compressive 

strengths up to 10 ksi (69 MPa). At the initiation of this research, however, no study has addressed 

the splice strength of reinforcement with yield strengths > 80 ksi (552 MPa) and concrete with 

compressive strengths > 10 ksi (69 MPa). 

The objectives of this study are to perform tension lap-splice tests of straight high-strength 

reinforcement in high-strength concrete and to combine the data obtained in those tests with a 

database updated by Lepage et al. (2023) to develop descriptive equations covering the full range 

of material properties for the test specimens in the database and to formulate design provisions 
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applicable for reinforcing bars up to Grade 120 (830 MPa) and concrete with compressive strength 

up to 16 ksi (110 MPa).  

The experimental portion of the study consists of tests of 39 full-scale beam splice 

specimens with tension lap splices in a constant moment region subjected to monotonic testing in 

four-point bending until lap splice failure. The main variables include bar size, No. 5, No. 8, No. 

11 and No. 14 (16, 25, 36, and 43 mm); concrete compressive strength, 10 to 16 ksi (69 to 110 

MPa); quantity of confining transverse reinforcement; minimum concrete cover, 1 to 3.1 in. (25 to 

79 mm); and bar stress at splice failure, 80 to 150 ksi (552 to 1034 MPa). ASTM A1035 (Grade 

120 (830)) bars are used to ensure splice failure prior to yielding. The splice lengths ranged from 

17db to 54db. To tie the test results to the existing database, one specimen with No. 8 (25 mm) bars 

was tested with a concrete compressive strength of 6.3 ksi (43 MPa), and the developed bar stress 

at failure was 73.4 ksi (506 MPa). 

The second phase of the study involves combining the test results in the Lepage et al. 

(2023) database with those obtained in the first phase of this study. The Lepage et al. (2023) 

database contains 1060 specimens – 483 specimens without confining transverse reinforcement 

and 577 specimens with confining transverse reinforcement. This combined dataset is utilized to 

evaluate the existing descriptive equations and design provisions. Additionally, through regression 

analysis, a new descriptive equation and design provisions are formulated to represent the 

combined database accurately. 
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CHAPTER 2 : EXPERIMENTAL PROGRAM 

2.1 GENERAL 

This chapter outlines the experimental work in this study. It encompasses the design of test 

specimens, material characteristics, construction methodology, test setup, test procedure, 

instrumentation, and bar stress calculation. The test specimens were designed to achieve bar 

stresses exceeding 80 ksi (552 MPa), primarily in the range of 90 to 140 ksi (621 to 965 MPa). 

The concrete used in these specimens generally had nominal compressive strengths of 12 or 16 ksi 

(83 or 110 MPa), considered high-strength concrete. 

The key parameters are bar size, concrete strength, concrete cover, quantity of transverse 

reinforcement, and splice length. In total, 39 beam splice specimens were tested. These specimens 

were grouped based on bar size, ranging from No. 5 to No. 14 (16 to 43 mm). Most of these 

specimens were fabricated in pairs, varying the quantity of transverse reinforcement (stirrups) 

while keeping other parameters constant. 

2.2 DESIGN OF SPECIMENS 

All specimens, except one, were designed with nominal concrete strengths of either 12 or 

16 ksi (83 or 110 MPa). The target bar stresses were 90 or 110 ksi (621 or 758 MPa) for specimens 

without stirrups in the splice region and ranged from 90 to 140 ksi (621 to 965 MPa) for specimens 

with stirrups in the splice region. One specimen was designed with a nominal concrete strength of 

5 ksi (34 MPa), aiming for a bar stress of 73 ksi (503 MPa) to tie the test results from this study 

with past studies containing normal-strength concrete. 

Each specimen contained two splices in beams subjected to four-point bending with a 

constant moment (neglecting self-weight) in the splice region. Figures 2.1 and 2.2 show the 

specimen configuration. The specimens have a support span (span between two simple supports), 

two shear spans (span between a load point and the nearest simple support), and two overhangs 
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(span between a load point and a beam end), as shown in Figure 2.1. Stirrups in the shear span and 

splice region (if provided) were spaced uniformly.  

 
Figure 2.1 Typical longitudinal-section of splice specimen  

           

             (a)                (b) 

Figure 2.2 Typical cross-section of splice specimen: (a) Splice region; (b) Shear span region 

2.2.1 Splice Design 

For each specimen, the test parameters included concrete strength, concrete cover, spacing 

between bars, quantity of stirrups, and target bar stress. The concrete cover ranged from 1.18db to 

2.5db, and bar spacing ranged from 2.1db to 5.2db. Stirrup size varied from No. 3 to No. 5 (10 to 

16 mm), and the number of stirrups in splice region ranged from 0 to 10. The width of each 
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specimen was governed by bar size, concrete cover, and the bar spacing. The splice length, ranging 

from 17db to 54db, was determined using Eq. (1.15) with fy replaced by fs and  replaced by 1, 

corresponding to target bar stresses ranging from 73 to 140 ksi (503 to 965 MPa). A summary of 

specimen designs is presented in Table 2.1. 

Table 2.1 Nominal parameters of specimens1 

Specimen 
 

(psi)  

db 

(in.) 

fs 

(psi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

5-a 12,000 0.625 90,000 1 1.5 3.25 - - 23 

5-b 12,000 0.625 130,000 1 1.5 3.25 0.11 3 23 

5-c 12,000 0.625 110,000 1 1.5 3.25 - - 30 

5-d 16,000 0.625 90,000 1 1.5 3.25 - - 21 

5-e 16,000 0.625 130,000 1 1.5 3.25 0.11 2 21 

5-f 16,000 0.625 110,000 1 1.5 3.25 - - 27 

8-0 5,000 1 72,800 1.5 1.5 3.5 - - 41 

8-a 12,000 1 90,000 1.5 1.5 3.5 - - 41 

8-b 12,000 1 130,000 1.5 1.5 3.5 0.2 4 41 

8-c 12,000 1 110,000 1.5 1.5 3.5 - - 54 

8-d 12,000 1 140,000 1.5 1.5 3.5 0.2 3 54 

8-e 16,000 1 90,000 1.5 1.5 3.5 - - 37 

8-f 16,000 1 130,000 1.5 1.5 3.5 0.2 3 37 

8-g 16,000 1 110,000 1.5 1.5 3.5 - - 49 

8-h 16,000 1 140,000 1.5 1.5 3.5 0.2 2 49 

8-i 12,000 1 110,000 2.5 2.5 2.5 - - 36 

8-j 12,000 1 140,000 2.5 2.5 2.5 0.2 3 36 

8-k 16,000 1 110,000 2.5 2.5 2.5 - - 33 

8-l 16,000 1 140,000 2.5 2.5 2.5 0.2 2 33 

11-a 12,000 1.41 90,000 2 2 3.18 0.2 2 48 

11-b 12,000 1.41 130,000 2 2 3.18 0.2 7 48 

11-c 12,000 1.41 110,000 2 2 3.18 0.2 2 62 

11-d 12,000 1.41 140,000 2 2 3.18 0.2 7 62 

11-e 16,000 1.41 90,000 2 2 3.18 0.2 2 43 

11-f 16,000 1.41 130,000 2 2 3.18 0.2 6 43 

11-g 16,000 1.41 110,000 2 2 3.18 0.2 2 57 

11-h 16,000 1.41 140,000 2 2 3.18 0.2 5 57 

11-i 12,000 1.41 140,000 2 2 3.18 0.2 10 41 

 

cf 
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Table 2.1 Cont. Nominal parameters of specimens1 

Specimen 
 

(psi)  

db 

(in.) 

fs 

(psi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

11-j 12,000 1.41 140,000 3 3 4.18 0.2 5 53 

11-k 16,000 1.41 140,000 2 2 3.18 0.31 6 24 

11-l 16,000 1.41 140,000 3 3 4.18 0.31 5 28 

14-a 12,000 1.693 110,000 2 2 3.614 0.31 4 82 

14-b 12,000 1.693 140,000 2 2 3.614 0.31 9 82 

14-c 12,000 1.693 90,000 2 2 3.614 0.31 2 64 

14-d 12,000 1.693 130,000 2 2 3.614 0.31 7 64 

14-e 16,000 1.693 110,000 2 2 3.614 0.31 2 76 

14-f 16,000 1.693 140,000 2 2 3.614 0.31 5 76 

14-g 16,000 1.693 90,000 2 2 3.614 0.31 2 57 

14-h 16,000 1.693 130,000 2 2 3.614 0.31 6 57 

1 1000 psi = 6.89 MPa; 1 in. = 25.4 mm, 1 ft =304.8 mm;  = nominal concrete compressive strength; db = nominal 

diameter of bars being developed; fs = target stress in spliced bars based on descriptive equations in ACI 408R-03; cb 

= bottom cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of a single leg of 

confining transverse reinforcement; N = number of stirrups in a splice region; s = splice length. 

2.2.2 Flexure and Shear Design 

The specimens were designed as underreinforced beams in flexure, with a maximum tensile 

bar stress of 155 ksi (1069 MPa). Whitney’s rectangular stress block was used to represent the 

equivalent compressive stress distribution of concrete at or near the ultimate load, with parameters 

of the stress block determined in accordance with ACI 318-19. 

The distance between the ends of the splice and the nearest simple support was at least 

equal to the specimen depth to minimize the localized effect of supports on splice strength. The 

minimum shear span was determined as the moment arm required to generate the targeted bar 

stress with a load of 250 kips (1112 kN) at each load application point. The spacing of uniformly 

distributed anchored holes in the laboratory floor, which is 3 feet (914 mm), governed the distance 

between loading points and, consequently, the shear span. The support and shear spans were kept 

constant for all beams with a given bar size. Geometrical details of the specimens are provided in 

Table A.1 in Appendix A. 

cf 

cf 
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The shear design was based on the load needed to achieve the targeted bar stress with the 

provided shear span. ACI 318-19 provisions were followed during the shear design process, except 

the strength reduction factor was omitted. Without applying the strength reduction factor, each 

beam’s design shear capacity exceeded the required shear capacity by a minimum of 20%. Shear 

and compression reinforcement (two bars near the compression face for holding stirrups) are 

summarized in Table A.2 in Appendix A. 

2.3 MATERIALS 

2.3.1 Concrete 

Concretes with nominal compressive strengths of 5, 12, and 16 ksi (34, 83, and 110 MPa) 

were used to fabricate the specimens. A local ready-mix concrete plant supplied the concrete. 

Either Type I/II or Type IL portland cement was used, depending on availability. Coarse aggregate 

for the 5 ksi (34 MPa) mix was limestone; for the 12 ksi (83 MPa) mixes, it was either limestone 

or granite; and for the 16 ksi (110 MPa) mixes, it was either granite or basalt, depending on 

availability. The coarse aggregates used in the mixes had a nominal maximum size of ¾ in. (19 

mm). Two specimens with the 12 ksi (83 MPa) mix contained Type C fly ash as a supplementary 

cementitious material (SCM), while the other 12 ksi (83 MPa) mixes did not contain an SCM. Slag 

and silica fume were used as SCMs for the 16 ksi (110 MPa) mixes. The water-cementitious 

material ratio (w/cm) for the 5 ksi (34 MPa) mix was 0.5; for the 12 ksi (83 MPa) mixes, it ranged 

from 0.22 to 0.3, and for the 16 ksi (110 MPa) mixes, it ranged from 0.22 to 0.26. Several 

admixtures were used in the 12 ksi (83 MPa) and 16 ksi (110 MPa) mixes. The concrete mix used 

for each specimen and the corresponding plastic concrete properties and strength are presented in 

Table B.1 in Appendix B. 
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2.3.2  Reinforcing Steel 

ASTM A1035 Grade 120 (830) bars were used for the splices. Test bars of the same size 

were from the same heat of steel. Stirrups were made using Grade 60 No. 3 (10 mm), No. 4 (13 

mm), and No. 5 (16 mm) bars, and Grade 75 No. 4 bars. Compression reinforcement consisted of 

Grade 60 No. 4 (13 mm), No. 5 (16 mm), No. 6 bars (19 mm), and Grade 75 No. 4 (13 mm) bars. 

Tensile tests were performed for each bar size and heat in accordance with ASTM A370. The 

properties of the test bars are presented in Table 2.2. Stress-strain plots are shown in Figures B.1, 

B.2, B.3, and B.4 in Appendix B for No. 5, No. 8, No. 11, and No. 14 (16, 25, 36, and 43 mm) 

bars respectively. The mechanical properties of transverse and compression reinforcement are 

presented in Table B.2 in Appendix B. 

Table 2.2 Spliced reinforcing bar properties1 

Bar 

Size 

(No.) 

Yield 

Strength 

(ksi)2 

Tensile 

Strength 

(ksi) 

Uniform 

Elongation3 

Fracture 

Elongation4 

Average 

Rib 

Spacing 

(in.) 

Average 

Rib 

Height 

(in.)5 

Average 

Rib 

Height 

(in.)6 

Relative 

Rib 

Area6 

5 120.4 159.8 0.050 0.075 0.4130 0.0380 0.0365 0.0730 

8 125.0 163.2 0.053 0.084 0.6715 0.0608 0.0609 0.0815 

11 137.2 176.0 0.048 0.096 0.9110 0.0898 0.0894 0.0897 

14 134.4 167.4 0.050 0.135 1.1028 0.1042 0.1021 0.0843 
1 No. 5 = 16 mm, No. 8 = 25 mm, No. 11 = 36 mm, No. 14 = 43 mm, 1 ksi = 6.89 MPa; 1 in. = 25.4 mm.  

2 Based on 0.2% offset method. 
3 Strain at peak stress. 
4 Calculated as strain at fracture minus fracture stress/Young's modulus to approximate fracture elongation defined 

in ASTM A370. 
5 Per ASTM A1035. 
6 Per ACI 408R-03. 

2.4 METHOD OF CONSTRUCTION 

2.4.1 Formwork 

Specimens were fabricated in individual forms consisting of ¾-in. (19 mm) thick plywood 

and 2×4 dimension lumber, as shown in Figure 2.3. To ensure reusability, exposed surfaces were 

coated with multiple layers of polyurethane to guard against moisture. The panels were joined 
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using 3/8-in. (10-mm) hex bolts. Flexible caulk was applied at the panel joints to prevent leakage. 

End panels had holes to accommodate a lifting bar. For lateral support, 3/8-in. (10 mm) threaded 

rods spaced uniformly were employed to brace the side panels at 2/3 height from the bottom. The 

holes around the lifting and bracing bars were sealed with painter's putty. For ease of demolding, 

mineral oil, serving as a form release agent, was applied at the inner surface of the forms. Before 

casting the specimens, the exterior surface of the formwork was wrapped with resin stretch wrap.  

 
Figure 2.3 Formwork with reinforcing cage (specimen: 11-k) 

2.4.2 Reinforcing Cage 

Bars were spliced at the middle and tied with standard tie wire. Closed double-legged 

rectangular stirrups were used in the shear region and, when applicable, as confining transverse 

reinforcement in the splice region. Two longitudinal reinforcing bars (compression reinforcement) 

were placed at the top of the cage to serve as anchor points for holding the stirrups. Four inclined 
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bracing bars were attached to the vertical legs of the transverse stirrups in the shear region to 

facilitate cage construction and maintain the rigidity of the cage during its handling, as shown in 

Figure 2.4. Standard metal or plastic chairs were tied to the longitudinal bars or stirrups to provide 

the required concrete cover. All intersections of the bars were tied using standard tie wire.  

 
Figure 2.4 Reinforcing cage (specimen: 11-f) 

Four 120-ohm strain gauges were installed in test bars 2 in. (51 mm) away from the splice 

ends, as shown in Figure 2.5, and the lead wires ran along the longitudinal bar towards the shear 

region, exiting from the opposite corner of the specimen. Two No.11 (36 mm) transverse bars were 

welded to the test bars at the end of the cage as anchor bars to ensure sufficient bar development. 

The cage was placed inside the forms with test bars at the bottom. The four inclined bracing bars 

Inclined bracing bar 
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were removed, and the concrete cover and bar spacing were measured at the splice ends before 

concrete placement. 

 
Figure 2.5 Strain gauges on bars (specimen: 11-f) 

2.4.3 Specimen Casting and Curing 

One to three splice specimens were cast at a time. Concrete was placed in two layers within 

each specimen. Each layer was consolidated using an internal concrete vibrator with a square head 

measuring 1.5 in. (38 mm) on each side. Concrete samples for measuring plastic properties and 

making cylinders were obtained two times during the discharge of the middle portion of the batch, 

in accordance with ASTM C172. Slump, slump flow, temperature, and unit weight of the plastic 

concrete were measured in accordance with ASTM C143, ASTM C1611, ASTM C1064, and 

ASTM C31, respectively. Standard 4 × 8 in. and 6 × 12 in. (100 × 200 mm and 150 × 300 mm) 

cylinders were prepared following ASTM C192. The upper surface of each splice specimen was 
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finished using a screed and hand float and then covered with wet burlap and plastic sheets. The 

burlap was kept moist until the forms were removed. The forms were removed once the concrete 

strength exceeded 3,000 psi (21 MPa). The specimens were then wrapped with wet burlap and 

covered with plastic sheets and cured until they reached approximately 90% of the target strength 

and the dry-cured until the time of test. The concrete cylinders and specimens were treated in a 

similar manner while curing. The 4 × 8 in. (100 × 200 mm) cylinders were used to track the 

concrete strength, and three 6 × 12 in. (150 × 300 mm) cylinders were used to determine the 

concrete strength for each specimen on the day of testing. Cylinders were tested in accordance 

with ASTM C39. 

2.5 TEST PROCEDURE 

The test setup permits four-point bending of a beam placed on pin and roller supports with 

load applied on the top of the beam at two ends, as shown in Figures 2.6 and 2.7. This configuration 

induces tension in the upper surface of the beam, with a constant moment in the support span. The 

beam was rotated 180 degrees about the longitudinal axis, using lifting bars, before placing it on 

the supports so that the spliced bars are on the top. This test configuration facilitates monitoring 

and marking cracks during the test. 
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Figure 2.6 Specimen on test setup 

The pin and roller support consist of a 2-in. (51 mm) diameter steel rods between two 1-in. 

thick, 10-in (254-mm) wide steel plates. The lower plate is affixed to a supporting concrete block, 

while the upper plate supported the beam. For the pin support, the 2-in. (51 mm) diameter steel 

rod was welded to the bottom steel plate, while for the roller support, the rod was secured in place 

prior to the test using plumber's putty. 

 
Figure 2.7 Schematic test set up 
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The load at each end of the beam was applied using two hollow-core hydraulic jacks 

through a spreader beam. Two threaded load bars on either side of the load application point in the 

transverse direction were placed vertically through the nearest anchored holes in the floor and held 

in place using nuts. A 24 × 24 × 1-in. (610 × 610 × 25-mm) steel plate was placed at each loading 

point, on top of which the spreader beam was positioned, with holes at either end to accommodate 

the load bars. The spreader beam consisted of two C15×33.9 channels spaced 3 in. (76 mm) apart 

and connected by 0.5-in. (13 mm) steel plates welded on the top and bottom flanges. A semi-

cylindrical bar was welded beneath the spreader beam's lower plate to maintain the load bar's 

verticality during the test, even when the beam ends rotated. 

The following components were stacked sequentially on top of the spreader beam on each 

load bar: a 2-in. (51 -mm) plate, a hollow-core hydraulic jack, a neoprene spacer, a 1-in. (25-mm) 

steel plate, a hollow-core load cell, another neoprene spacer, a second 1-in. (25-mm) steel plate, 

and a nut. All plates and neoprene spacers were square-shaped, measuring 8 in. (203 mm) on each 

side, and had a 3-in. (76-mm) diameter hole at their center. Gypsum cement was used at all steel-

concrete interfaces to hold the steel plate in place and distribute the load evenly. The load bars 

were anchored using the nut on top of the steel plate above the loading components and a second 

nut underneath the lab floor. A third nut was used on the load bars to hold the bars in place before 

the test. A small gap was left between the floor and the nuts underneath the floor to ensure that the 

load bar carried no stress before the start of the test. The hydraulic jacks were connected to a central 

manual pump with an individual valve for each jack that facilitated balancing the loads on the four 

jacks. The total weight of the test setup at each end of the beam was 2.18 kips (9.7 kN).  

Before commencing the test, the lap splice region was marked, and the dimensions of the 

beam were measured at five locations: two at the beam ends, two at the ends of the splice region, 

and one at midspan. Load was applied slowly with pauses at predetermined load steps to mark the 
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cracks on the specimen. The load steps correspond to half the estimated cracking load, the 

estimated cracking load, and the load steps associated with every 20-30 ksi (138-207 MPa) 

increase in estimated bar stress. The final load step for marking cracks prior to loading to failure 

corresponded to 70-80% of the expected failure load. At each load step, the top and two side faces 

of the specimen were inspected for cracks and the cracks were marked. After marking, the three 

faces were photographed, and a crack comparator card was used to measure the width of the larger 

cracks near the splice ends, support points, and shear spans. 

After the final load step, during which cracks were measured, the specimen was covered 

with a tarp for safety and loaded to failure. After the specimen failed, all cracks were marked and 

photographed. Subsequently, the concrete over the spliced bars was removed to measure the top 

and side concrete covers (bottom and side covers based on the casting position) at each end of the 

splices and the clear spacing between the bars. The average values of the side covers (four 

measurements), top covers (four measurements), bar spacings (two measurements), and beam 

dimensions (three measurements) in the splice region for each specimen are presented in Table 

C.1 in Appendix C.  

2.6 INSTRUMENTATION 

Four load cells, with one load cell for each hydraulic jack, were used to measure the applied 

load on the beam. Each load cell featured a full Wheatstone bridge circuit with 350-ohm strain 

gauges and was individually calibrated up to 200 kips (890 kN). Three potentiometers were 

employed to measure the beam deflections: one at the midspan and the other two at the load 

application points. Hydraulic pressure was continuously recorded using an electronic pressure 

gauge, and the pressure obtained from an analog dial gauge was also noted at the end of each load 

step. Four 120-ohm strain gauges installed on the test bars provided the strain experienced by the 

bars. All data was recorded using a data acquisition system (DAQ). 
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2.7 BAR STRESS CALCULATION 

Bar stress was determined at the maximum moment using moment-curvature analysis in 

which concrete tensile strength was neglected. Although the aim was to balance the load at each 

load application point during the tests, there was always a slight difference in the applied load, and 

a maximum moment in the splice region was found at one of the splice ends at failure. The moment 

calculation included applied loads, self-weight, and the weight of the test apparatus. A nonlinear 

compressive stress-strain relationship for concrete was used based on a modified version of the 

Hognestad (1951) parabolic equation with a linear descending branch, as presented in Eq. (2.1) 

and Eq. (2.2). 

  (2.1) 

  (2.2) 

where 

fc = concrete stress corresponding to concrete strain (𝜀𝑐); 

fcm = measured concrete strength based on 6 × 12 (150 × 300) cylinders; 

εu = ultimate concrete compressive strain = 0.0038; and 

εo = concrete strain at maximum compressive stress (function of concrete strength, taken from 

plots of experimental data presented in (Nilson 1997) 

Best-fit equations were obtained, based on tensile tests, to represent the nonlinear stress-

strain relationship for No. 5, No. 8, No. 11, and No. 14 (16, 25, 36, and 43 mm) spliced bars, as 

presented in Eqs. (2.3), (2.4), (2.5), and (2.6), respectively. These equations represented the bar 

stress-strain behavior used in the moment-curvature analysis. The actual beam’s dimensions and 

post-test concrete cover presented in Table C.1 in Appendix C were used for the analysis. 
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  (2.3) 

  (2.4) 

  (2.5) 

  (2.6) 

where 

fs = bar stress (ksi) corresponding to bar strain (εs)  
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CHAPTER 3 : TEST RESULTS 

3.1 GENERAL 

This chapter presents the results of 39 splice specimens tested in this study, as outlined in 

Chapter 2. The test results include load-deflection behavior, cracking behavior, observations of 

specimens after failure, strain in test bars, and splice strength of specimens. The bar stresses at 

splice failure are also compared with bars stresses based on the descriptive equation in ACI 408R-

03 and the design provisions in ACI 319-19. 

3.2 LOAD-DEFLECTION BEHAVIOR 

The load-deflection behavior of the specimens is analyzed in this section. The total applied 

load is the sum of readings from the four load cells, which excludes the specimen’s self-weight 

and weight of the testing apparatus. The deflection is the average deflection at the load application 

points relative to midspan, calculated by summing the average downward reading from 

potentiometers at the load application points with the upward deflection reading from the 

potentiometer at midspan. The reading from the potentiometer does not include the deflection due 

to the self-weight or weight of the testing apparatus before the application of loading. 

In all specimens, the load-deflection behavior up to initiation of flexural cracking is linear. 

Once the specimen cracks, the stiffness of the beam (represented by the slope of the load-deflection 

plot) decreases significantly, and a nonlinear load-deflection response is observed, as shown in 

Figure 3.1. Figure 3.1 shows a load-deflection plot for a pair of specimens 8-e and 8-f. These two 

specimens have similar nominal parameters other than the confining transverse reinforcement. 

Specimen 8-e had no confining transverse reinforcement, but 8-f had confining transverse 

reinforcement in the splice region. The major intermittent drops in load in the load-deflection plot, 

Figure 3.1, represent points at which loading was paused to mark cracks.  Load-deflection plots 

for all the specimens are presented in Appendix D.1. 



47 

 

Transverse reinforcement within the splice region was found to increase the deformation 

capacity and load-carrying capacity of specimens, with the increase directly related to the quantity 

of transverse reinforcement. 

 
Figure 3.1 Typical load-deflection behavior (specimen: 8-e & 8-f) (1 kip = 4.45 kN; 1 in. = 25.4 

mm) 

3.3 CRACKING BEHAVIOR 

The cracking behavior and nature of the failure of specimens were analyzed using the 

photos taken during the tests. The cracking behavior was similar among the specimens in terms of 

sequence and pattern of new cracks and extension of existing cracks. First, flexural and shear 

cracks away from the splice region and then splitting cracks near the splice were observed with 

the increase in load. All specimens exhibited bond failure. The general pattern of crack formation 

is explained in the following sections. 

3.3.1 Flexural and Shear Cracks 

Transverse flexural cracks (perpendicular to the longitudinal axis of the beam) on the 

tension face and sides of the specimen formed first. Generally, these cracks were observed first 
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between the supports (support span), outside the splice region (Region 1 in Figure 3.2). With an 

increase in load, more transverse cracks in other regions – the splice region and shear spans – were 

visible, as shown in Figures 3.3 and 3.4. Flexural cracks typically formed at both ends of the splices 

where the area of flexural steel decreased by 50 percent. The numbers in the figure represent the 

approximate average load (kips) applied by one of the hydraulic jacks at which the cracks were 

marked. The cracks were marked at estimated cracking load, and load steps associated with every 

20-30 ksi (138-207 MPa) increase in estimated bars stress, as discussed in Section 2.5. The cracks 

on the sides of the specimen were shorter within the splice region than in the remaining portion of 

the support span, as shown in Figure 3.3, which is attributed to the greater quantity of longitudinal 

reinforcement in the splice region. The cracks on the sides in the support span were vertical, while 

those in the shear span started vertically, as flexural cracks, and then became more diagonal as the 

load increased (shear cracks), as shown in Figure 3.4.  

 
Figure 3.2 Schematic longitudinal-section of splice specimen  
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Figure 3.3 Flexural cracks on a side face of specimen 11-h 

 
Figure 3.4 Shear cracks on the side face of specimen 11-h 

Larger flexural cracks in specimens with transverse reinforcement within the splice region 

were generally aligned with the stirrups, as shown in Figure 3.5, which can likely be attributed to 

lower cover present at the location of stirrups. 

 
Figure 3.5 Location of stirrups and flexural cracks in splice region on a side face of specimen 

11-d 
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3.3.2 Splitting Cracks 

With increases in load, in addition to the formation and extension of flexural and shear 

cracks, splitting cracks began to appear on the tension face of the specimens starting at the ends of 

the splices, as shown in Figure 3.6. Similarly, splitting cracks originating at bar level were 

observed at somewhat higher loads on side faces, first at the ends of the splice, and in some 

specimens between the splice ends and support points, as shown in Figure 3.7. As the load 

continued to increase, similar cracks were also observed within the splice region.  

 
Figure 3.6 Initiation of splitting cracks on the top face of specimen 11-h 

Splitting crack 
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Figure 3.7 Initiation of splitting cracks on a side face of specimen 11-h 

3.3.3 Failure of Specimens 

As specimens approached failure, numerous additional splitting cracks formed on the 

tension face in the splice region, with nearly continuous longitudinal cracks over the splices, as 

shown in Figure 3.8. Similarly, numerous new splitting cracks, primarily in the splice region on 

the side faces, were observed and existing cracks continued to grow, as shown in Figure 3.9. The 

transverse cracks at the ends of the splices were wider and extended further down the sides of the 

beam than the other transverse cracks; these initially vertical cracks branched sideways as they 

approached the compressive region of the beam, as shown in Figure 3.9. As expected, the number 

of cracks per unit length and extension of the splitting cracks in the splice region were greater for 

specimens with transverse reinforcement in the splice region than those without transverse 

reinforcement. With the presence of transverse reinforcement, the bond strength increased, which 

allowed the specimen to bear a higher bending moment before failure, resulting in higher strain in 

the concrete surface, leading to an increase in number of cracks. The numbers on the side of the 

specimens, corresponding to the average load in one of the jacks, were not updated following 

failure. 

Splitting crack 
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Specimens without transverse reinforcement were observed to fail more explosively than 

specimens with transverse reinforcement. Photographs of the specimens after splice failure are 

shown in Appendix D.2. 

 
Figure 3.8 Top view of specimen 11-h after failure 
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Figure 3.9 Side view of specimen 11-h after failure  

3.3.4 Crack Width 

Crack widths were measured using a crack comparator card at each load pause, as 

explained in Section 2.5. The largest crack widths at each load pause and the associated bar stress 

for each specimen are presented in Table D.1 in Appendix D.3. The bar stresses are calculated 

using moment-curvature analysis, as described in Section 2.7, based on the concrete strength on 

the day of testing, measured covers and dimensions in the splice region, and the moment calculated 

based on the applied load, self-weight of the specimen, and the weight of the test frame. Crack 

widths increased with the load, with the largest crack typically located at the splice ends. The wide 

cracks at the splice ends can be attributed to a reduction in the quantity of longitudinal 

reinforcement by 50 percent and stress concentration due to the discontinuity of spliced bars.  

3.4 BAR STRESS 

Bar stresses and forces were calculated at the end of the splice with the larger moment at 

failure using moment-curvature analysis, as explained in Section 2.7, assuming both spliced bars 

carried the same force at failure. 

The bar stresses and forces at failure, along with the main controlling parameters, are 

shown in Table 3.1 for the No. 5 bar specimens. Four specimens had no confining transverse 
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reinforcement in the splice region, and two specimens had confining transverse reinforcement. 

Four specimens were constructed in pairs (5-a and 5-b; 5-d and 5-e), with other nominal parameters 

the same, except for the presence of confining transverse reinforcement in the splice region. 

Specimens 5-a and 5-d had no confining transverse reinforcement in the splice region, while 

specimens 5-b and 5-e had No. 3 confining transverse reinforcement at a spacing of 7.7 and 10.5 

in., respectively.  

Table 3.1 Results for No. 5 (16 mm) specimens1 

Specimen 
fcm 

(ksi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

Mu 

(in.-kips) 

fs 

(psi) 

Tb 

(kips) 

5-a 12,100 1.05 1.64 3.22 - - 23 1380.6 100,280 31.1 

5-b 12,100 1.09 1.53 3.25 0.11 3 23 2073 148,930 46.2 

5-c 12,240 1.05 1.46 3.32 - - 30 1592.6 115,910 35.9 

5-d 12,730 1.01 1.40 3.40 - - 21 1267.6 93,330 28.9 

5-e 12,730 1.16 1.67 3.14 0.11 2 21 1741.7 128,460 39.8 

5-f 12,730 1.06 1.44 3.32 - - 27 1424.5 104,860 32.5 
1 1000 psi = 6.89 MPa; 1 in. = 25.4 mm; 1 kip = 4.45 kN; fcm = measured concrete compressive strength; cb = bottom 

cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of a single leg of confining 

transverse reinforcement; N = number of stirrups in a splice region; s = splice length; Mu = maximum moment at 

splice end at failure; fs = bar stress at failure; Tb = bar force at failure. 

The concrete had compressive strengths between 12.1 and 12.7 ksi. The bottom cover 

ranged from 1.01 to 1.16 in., and the side cover ranged from 1.4 to 1.67 in., with an average ratio 

of side-cover to bottom-cover of 1.43. The spacing between splices ranged from 6.3 to 6.8 in. The 

bar stresses at failure ranged from 93.3 to 148.9 ksi, corresponding to bar forces ranging from 28.9 

kips to 46.2 kips.  

Table 3.2 shows the results for the 13 No. 8 bar specimens. Specimen 8-0 was constructed 

with normal-strength concrete, with fcm = 6.3 ksi, and the remaining specimens were constructed 

with high-strength concrete with compressive strengths ranging from 11.5 ksi to 15.4 ksi. The 

bottom cover ranged from 1.13 to 2.71 in., the side cover ranged from 1.56 to 2.89 in., and the 
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spacing between splices ranged from 4.3 to 7.5 in. The high-strength concrete specimens were 

constructed in pairs, with nominal parameters the same with the exception of the presence of 

confining transverse reinforcement in the splice region. No. 4 stirrups were used in the splice 

region spacing between 10.3 and 24.5 in. Splice lengths ranged from 33 to 54 in. Bar stresses at 

failure ranged from 82.4 to 140.9 ksi with corresponding bar forces ranging from 65.1 kips to 

111.3 kips. 

Table 3.2 Results for No. 8 (25 mm) specimens1 

Specimen 
fcm 

(ksi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

Mu 

(in.-kips) 

fs 

(psi) 

Tb 

(kips) 

8-0 6,300 1.13 2.00 3.25 - - 41 2403.1 73,390 58.0 

8-a 12,490 1.38 1.56 3.75 - - 41 2713.1 82,400 65.1 

8-b 13,030 1.66 1.69 3.47 0.2 4 41 4626.4 140,890 111.3 

8-c 11,520 1.56 1.69 3.41 - - 54 3395.9 103,940 82.1 

8-d 11,970 1.50 1.63 3.44 0.2 3 54 4386.7 133,100 105.1 

8-e 15,370 1.58 1.79 3.20 - - 37 3356 101,970 80.6 

8-f 14,700 1.50 1.92 3.20 0.2 3 37 4146.6 125,240 98.9 

8-g 15,370 1.69 1.64 3.41 - - 49 3427.2 105,620 83.4 

8-h 13,450 1.70 1.68 3.37 0.2 2 49 4105.3 124,170 98.1 

8-i 12,780 2.50 2.75 2.38 - - 36 2934.5 93,880 74.2 

8-j 12,730 2.50 2.75 2.44 0.2 3 36 4252.6 135,130 106.8 

8-k 14,700 2.49 2.89 2.14 - - 33 3287.9 104,900 82.9 

8-l 14,700 2.71 2.80 2.28 0.2 2 33 3512.1 112,430 88.8 
1 1000 psi = 6.89 MPa; 1 in. = 25.4 mm; 1 kip = 4.45 kN; fcm = measured concrete compressive strength; cb = bottom 

cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of a single leg of confining 

transverse reinforcement; N = number of stirrups in a splice region; s = splice length; Mu = maximum moment at 

splice end at failure; fs = bar stress at failure; Tb = bar force at failure. 

Table 3.3 shows the results for the No. 11 specimens. The concrete strengths ranged from 

11.9 to 14.4 ksi. The bottom cover ranged from 1.83 to 3.1 in., the side cover ranged from 2.16 to 

3.28 in., and the bar spacing ranged from 5.7 to 8.1 in. Most specimens were constructed in pairs, 

varying the quantity of transverse reinforcement while keeping other parameters constant. No. 4 

stirrups were provided for all specimens with spacing ranging from 4.1 to 31 in., with the exception 
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of specimens 11-k and 11-l that contained No. 5 stirrups spaced at 4 and 5.6 in., respectively. 

Splice lengths No. 11 bar specimens ranged from 24 to 62 in. The bar stresses at failure ranged 

from 84.6 ksi to 142.5 ksi with corresponding bar forces ranging from 132 to 222.3 kips. 

Table 3.3 Results for No. 11 (36 mm) specimens1 

Specimen 
fcm 

(ksi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

Mu 

(in.-kips) 

fs 

(psi) 

Tb 

(kips) 

11-a 13,450 1.85 2.30 2.95 0.2 2 48 5332.8 84,610 132.0 

11-b 12,720 1.95 2.21 3.00 0.2 7 48 7845.8 123,600 192.8 

11-c 13,210 1.83 2.31 2.92 0.2 2 62 6055.1 96,550 150.6 

11-d 12,890 1.86 2.22 2.97 0.2 7 62 8220.9 131,970 205.9 

11-e 14,380 1.95 2.16 3.12 0.2 2 43 5410.7 87,010 135.7 

11-f 14,380 2.05 2.16 3.09 0.2 6 43 7851.5 125,160 195.2 

11-g 13,220 1.91 2.23 3.04 0.2 2 57 6400.1 102,570 160.0 

11-h 13,220 1.93 2.33 2.90 0.2 5 57 8283.4 132,550 206.8 

11-i 11,910 1.90 2.30 3.00 0.2 10 41 8892.2 142,500 222.3 

11-j 11,910 3.10 3.13 4.05 0.2 5 53 7291.2 124,450 194.1 

11-k 13,450 1.92 2.42 2.83 0.31 6 24 6775.8 108,620 169.4 

11-l 13,450 2.97 3.28 3.91 0.31 5 28 6522.1 110,330 172.1 
1 1000 psi = 6.89 MPa; 1 in. = 25.4 mm; 1 kip = 4.45 kN; fcm = measured concrete compressive strength; cb = bottom 

cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of a single leg of confining 

transverse reinforcement; N = number of stirrups in a splice region; s = splice length; Mu = maximum moment at 

splice end at failure; fs = bar stress at failure; Tb = bar force at failure. 

Table 3.4 shows the results for the No. 14 bar specimens. These specimens were 

constructed in pairs, with the specimen parameters the same, except for the quantity of transverse 

reinforcement. The concrete compressive strength ranged from 10.3 to 15.5 ksi. The bottom cover 

ranged from 1.75 to 2.06 in., the side cover ranged from 2.22 to 2.38 in., and the bar spacing ranged 

from 6.5 to 6.9 in. No. 5 stirrups spaced at 9.1 to 38 in. were provided. The splice length ranged 

from 57 to 82 in. The bar stresses at failure ranged from 88.3 to 137.8 ksi, corresponding to bar 

forces ranging from 198.7 kips to 310.1 kips. 

The compressive strengths and the bar stresses achieved during this study, along with the 

ACI 408 database (2021), are shown in Figure 3.12 (a) for bars without confining transverse 
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reinforcement and Figure 3.12 (b) for bars with confining transverse reinforcement. This study 

populated the database in the top right quadrant with developed bar stresses higher than 80 ksi 

(552 MPa) and concrete compressive strengths higher than 10 ksi (69 MPa), a region of data that 

was virtually empty at the initiation of this study.  

Table 3.4 Results for No. 14 (43 mm) specimens1 

Specimen 
fcm 

(ksi) 

cb 

(in.) 

cso 

(in.) 

csi 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

Mu 

(in.-kips) 

fs 

(psi) 

Tb 

(kips) 

14-a 10,280 2.00 2.38 3.31 0.31 4 82 12388.8 102,750 231.2 

14-b 12,710 1.75 2.31 3.38 0.31 9 82 17186.8 137,840 310.1 

14-c 14,420 2.06 2.31 3.25 0.31 2 64 11464.3 93,360 210.1 

14-d2 12,050 2.00 2.34 3.38 0.31 7 64 14695.3 119,520 268.9 

14-e 14,290 1.97 2.28 3.41 0.31 2 76 11793.8 97,110 218.5 

14-f 12,910 1.98 2.22 3.45 0.31 5 76 16088.2 131,740 296.4 

14-g 15,530 1.85 2.31 3.40 0.31 2 57 10864.7 88,290 198.7 

14-h 14,980 2.06 2.22 3.46 0.31 6 57 15539.8 126,650 285.0 
1 1000 psi = 6.89 MPa; 1 in. = 25.4 mm; 1 kip = 4.45 kN; fcm = measured concrete compressive strength; cb = bottom 

cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of a single leg of confining 

transverse reinforcement; N = number of stirrups in a splice region; s = splice length; Mu = maximum moment at 

splice end at failure; fs = bar stress at failure; Tb = bar force at failure. 
2 Post-test covers were not recorded, covers measured prior to concrete placement are reported. 

The bar stresses and compressive strengths achieved during this study, along with those for 

specimens in the ACI 408 database (2021), are shown in Figure 3.10 (a) for bars without confining 

transverse reinforcement and Figure 3.10 (b) for bars with confining transverse reinforcement. 

This study adds to the database in the top right quadrant with developed bar stresses higher than 

80 ksi (552 MPa) and concrete compressive strengths higher than 10 ksi (69 MPa), a region that 

was virtually empty at the initiation of this study.  
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(a) 

 

(b) 

Figure 3.10 Results of a combination of developed bar stress and concrete compressive strength 

from this study and ACI 408 database (2021): (a) for specimens without confining transverse 

reinforcement; (b) for specimens with confining transverse reinforcement (1 ksi = 6.89 MPa) 
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3.5 MEASURED STRAINS 

Bar strain in each specimen for each bar was measured with strain gauges attached to the 

spliced bars 2 in. (51 mm) outside of the splice region. The majority of the specimens did not 

provide good strain-gauge readings, possibly due to damage to the strain gauge during concrete 

placement, or the formation of cracks in the vicinity of the strain gauge, or both. Figures 3.11 and 

3.12 show strain-versus-time plots for specimens 11-d and 8-c, respectively. The stress-versus-

time plots for other specimens are presented in Appendix D.4. Strain gauges identified as ‘Side 

A1’ and ‘Side B1’ were at one end of the splices, and ‘Side A2’ and ‘Side B2’ were at the other, 

as shown in Figure 3.13. Figures 3.11 and 3.12 show that strain in the bars increased with the load, 

which increases with time, except for the loading pauses for marking cracks.  

 
Figure 3.11 Representative plot for strain developed on bars over time (specimen: 11-d) 
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Figure 3.12 Representative plot for strain developed on bars over time (specimen: 8-c) 

 

 
Figure 3.13 Location of strain gauges in spliced bars 

The strain readings from the four strain gauges in specimen 11-d (Figure 3.11) remained 

consistently parallel and closely aligned until failure. The strain readings from the strain gauges 

do not include the strain due to self-weight of the specimens and test-setup. The average strain 

reading for strain gauges for specimen 11-d is 0.00656, which corresponds to the strain in a bar 

due to applied load just prior to failure of the specimen. It does not include the strain induced due 

to the self-weight of the beam or the loading system – strain that occurs prior to reaching the 
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cracking moment in the beam. The strain in bars obtained from moment-curvature analysis, 

described in Section 2.7, at failure of the specimen is 0.00626 associated with bar stress at failure 

131.97 ksi (910 MPa). The ratio of strain reading from moment-curvature analysis to strain 

obtained from strain gauges is 0.95. 

In contrast to readings for specimen 11-d, the strain readings from the four strain gauges 

for specimen 8-c, shown in Figure 3.12, exhibited inconsistencies, with the range of readings 

increasing with the increase in load. The strain reading from strain gauge 'Side B2' abruptly 

dropped (at 1970 sec), well before the failure of the specimen, while the readings from other strain 

gauges continued to increase. This discrepancy might indicate that the bar associated with strain 

gauge 'Side B2' stopped holding load well before the specimen failed. It is unlikely, however, that 

one bar stopped holding load while the other bar in the splice continued to do so over time. This 

means the strain gauge ‘Side B2’ had the problem after 1970 sec of loading. The sudden drop in 

strain associated with strain gauge ‘Side B2’ likely resulted from damage to the strain gauge caused 

by the crack formation nearby. Therefore, the readings from strain gauges are only reliable if all 

strain gauges provide similar readings until the specimen fails. In other cases, strain reading may 

mislead the interpretation of strain/stress in bars, as discussed.  

Table 3.5 shows the bar stress and corresponding strain obtained from moment-curvature 

analysis based on maximum moment at a splice end at failure of the specimen along with the 

average strain readings from strain gauges for specimens in which all four strain gauges provided 

a good strain reading until the failure of the specimen. The ratio of bar strain at failure obtained 

from moment-curvature analysis to strain obtained from strain gauges readings ranged from 0.85 

to 1.09 for these specimens. In this study, the stress calculated from the moment-curvature analysis 

is considered to provide a more useful measure of bar stress for determining splice strength. 
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Table 3.5 Bar strain at failure for specimens with all four strain gauges providing good readings 

until the failure of specimen1 

Specimen 
fs 

(psi) 
s sg s/sg 

8-0 73,390 0.00261 0.00268 0.98 

8-a 82,400 0.00308 0.00356 0.87 

8-g 105,620 0.00459 0.00486 0.95 

8-i 93,880 0.00376 0.00346 1.09 

11-a 84,610 0.00293 0.00340 0.86 

11-c 96,550 0.00356 0.00337 1.06 

11-d 131,970 0.00626 0.00656 0.95 

11-e 87,010 0.00305 0.00298 1.02 

14-c 93,360 0.00335 0.00395 0.85 

1 1000 psi = 6.89 MPa; fs = bar stress at failure based on moment-curvature analysis; s = bar strain at failure based on 

moment curvature analysis; sg = average bar strain readings from strain gauges just prior to failure. 

3.6 COMPARISON WITH ACI 408R-03 DESCRIPTIVE EQUATION  

The bar stresses at failure are compared with the bar stresses calculated using the ACI 

408R-03 descriptive equation, Eq. (1.14), in Table 3.6. For the current study, the test-to-calculated-

strength ratios (T/C) tend to decrease as the bar size increases, as shown in Figure 3.14, (excluding 

specimens with (c+Ktr)/db > 4, the limit imposed by ACI 408R-03). In developing Eq. (1.14), it 

was reasoned that higher confinement, represented by (c+Ktr)/db, served to limit splitting. 

Increasing the cover and/or transverse reinforcement so that (c+Ktr)/db exceeded 4, however, was 

observed to result in little increase in splice strength. For this reason, ACI 408R-03 imposes a 

maximum limit of 4 for (c+Ktr)/db. The mean value of T/C based on ACI 408R-03 is 0.97, with 

a coefficient of variation (CoV) of 0.108. The three No. 11 (36 mm) bar specimens with 

(c+Ktr)/db > 4, 11-i, 11-k, and 11-l, with (c+Ktr)/db = 4.82, 6.90 and 6.20 have the highest T/C 

values, 1.18, 1.28, and 1.18, respectively. Without the limit on (c+Ktr)/db, these values drop to 

1.02, 0.87, and 0.85. Overall, the drop in T/C with increasing bar size indicates that there is a bar 

size effect associated with the ACI 408R-03 descriptive equation and associated provisions, as 

observed by Rulon et al. (2021). Also, the high values of T/C for the specimens with (c+Ktr)/db 
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> 4 suggests that the ACI 408R-03 limit of 4 on (c+Ktr)/db may be conservative, but that the 

cutoff will likely be below 6 based on the T/C values of  0.87 and 0.85 for specimens 11-k, and 

11-l when the upper limit on (c+Ktr)/db of 4 is removed.   

Table 3.6 Comparison of test results with ACI 408R-03 descriptive equation1 

Specimen 
fcm 

(ksi) 

cmin 

(in.) 

cmax 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

tr

b

K

d
 

tr

b

cω+ K

d
 

fs-test 

(ksi) 

fs-calc 

(ksi) 
T/C 

5-a 12.10 1.05 1.64 - - 23 0.00 2.30 100.3 93.5 1.07 

5-b 12.10 1.09 1.53 0.11 3 23 0.91 3.25 148.9 131.9 1.13 

5-c 12.24 1.05 1.46 - - 30 0.00 2.26 115.9 112.5 1.03 

5-d 12.73 1.01 1.40 - - 21 0.00 2.20 93.3 85.7 1.09 

5-e 12.73 1.16 1.67 0.11 2 21 0.68 3.14 128.5 122.7 1.05 

5-f 12.73 1.06 1.44 - - 27 0.00 2.27 104.9 105.1 1.00 

8-0 6.30 1.13 2.00 - - 41 0.00 1.75 73.4 71.6 1.03 

8-a 12.49 1.38 1.56 - - 41 0.00 1.90 82.4 88.2 0.93 

8-b 13.03 1.66 1.69 0.2 4 41 1.23 3.39 140.9 142.9 0.99 

8-c 11.52 1.56 1.69 - - 54 0.00 2.08 103.9 113.3 0.92 

8-d 11.97 1.50 1.63 0.2 3 54 0.67 2.69 133.1 144.8 0.92 

8-e 15.37 1.58 1.79 - - 37 0.00 2.11 102.0 92.9 1.10 

8-f 14.70 1.50 1.92 0.2 3 37 1.09 3.14 125.2 129.3 0.97 

8-g 15.37 1.64 1.69 - - 49 0.00 2.15 105.6 115.6 0.91 

8-h 13.45 1.68 1.70 0.2 2 49 0.52 2.70 124.2 138.7 0.90 

8-i 12.78 2.50 2.63 - - 36 0.00 3.02 93.9 113.2 0.83 

8-j 12.73 2.50 2.69 0.2 3 36 1.04 4.06 135.1 146.2 0.92 

8-k 14.70 2.39 2.49 - - 33 0.00 2.91 104.9 106.6 0.98 

8-l 14.70 2.53 2.71 0.2 2 33 0.81 3.86 112.4 138.1 0.81 

11-a 13.45 1.85 2.30 0.2 2 48 0.54 2.39 84.6 95.9 0.88 

11-b 12.72 1.95 2.21 0.2 7 48 1.83 3.74 123.6 131.2 0.94 

11-c 13.21 1.83 2.31 0.2 2 62 0.41 2.26 96.6 110.1 0.88 

11-d 12.89 1.86 2.22 0.2 7 62 1.42 3.28 132.0 145.6 0.91 

11-e 14.38 1.95 2.16 0.2 2 43 0.62 2.52 87.0 93.4 0.93 

11-f 14.38 2.05 2.16 0.2 6 43 1.86 3.82 125.2 126.4 0.99 

11-g 13.22 1.91 2.23 0.2 2 57 0.45 2.33 102.6 105.7 0.97 

11-h 13.22 1.93 2.33 0.2 5 57 1.12 3.03 132.6 128.9 1.03 

11-i 11.91 1.90 2.30 0.2 10 41 2.96 4.84 142.5 120.6 1.18 

11-j 11.91 3.10 3.13 0.2 5 53 1.14 3.84 124.5 142.5 0.87 

11-k 13.45 1.92 2.42 0.31 6 24 4.99 6.90 108.6 84.9 1.28 

11-l 13.45 2.97 3.28 0.31 5 28 3.57 6.20 110.3 93.8 1.18 

14-a 10.28 2.00 2.38 0.31 4 82 0.79 2.50 102.8 119.1 0.86 
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Table 3.6 Cont. Comparison of test results with ACI 408R-03 descriptive equation1 

Specimen 
fcm 

(ksi) 

cmin 

(in.) 

cmax 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

tr

b

K

d
 

tr

b

cω+ K

d
 

fs-test 

(ksi) 

fs-calc 

(ksi) 
T/C 

14-b 12.71 1.75 2.31 0.31 9 82 1.98 3.56 137.8 167.6 0.82 

14-c 14.42 2.06 2.31 0.31 2 64 0.60 2.34 93.4 102.3 0.91 

14-d 12.05 2.00 2.34 0.31 7 64 1.92 3.63 119.5 136.8 0.87 

14-e 14.29 1.97 2.28 0.31 2 76 0.50 2.19 97.1 110.6 0.88 

14-f 12.91 1.98 2.22 0.31 5 76 1.19 2.88 131.7 132.8 0.99 

14-g 15.53 1.85 2.31 0.31 2 57 0.70 2.33 88.3 96.1 0.92 

14-h 14.98 2.06 2.22 0.31 6 57 2.06 3.79 126.7 136.2 0.93 

          Max 1.28 

          Min 0.81 

          Mean 0.97 

          SD 0.105 

          CoV 0.108 
1 1 ksi = 6.89 MPa; 1 in. = 25.4 mm; fcm = measured concrete compressive strength; db = nominal diameter of bars 

being developed; fs-test = test bar stress in spliced bars; fs-calc = calculated bar stress in spliced bars based on descriptive 

equations in ACI 408R-03;  = cmax/cmin; cmin = minimum of (cb, cs); cmax = maximum of (cb, cs); cs = minimum (cso, 

csi + 0.25 in.); cb = bottom cover; cso = side cover; csi = 1/2 clear spacing between splices; At = cross-sectional area of 

a single leg of confining transverse reinforcement (two-leg stirrup); N = number of stirrups in a splice region; Ktr = 

transverse reinforcement index; s = splice length. 

 

 
Figure 3.14 T/C vs. bar diameter (ACI 408R-03) (1 in. = 25.4 mm) 
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3.7 COMPARISON WITH ACI 318-19 DESIGN PROVISIONS 

The bar stresses at failure are compared with the bar stresses calculated using the ACI 318-

19 design provisions, discussed in Section 1.4.1, in Table 3.7. The development length equation 

of ACI 318-19 for bottom-cast uncoated bars in normalweight concrete is shown in Eq. (3.1), 

which can be solved in terms of the developed bar stress, as shown in Eq. (3.2). The reinforcement 

grade factor (ψg) in ACI 318-19 is 1.0, 1.15, and 1.3 for Grade 40 or 60 (280 or 420), Grade 80 

(550), and Grade 100 (690) bars, respectively. Because the experimentally-determined bar stress 

at failure fs does not exactly equal a value corresponding to a grade, ψg is established based on 

iteration using Eq. (3.2) and (3.3), where Eq. (3.3) is used to interpolate or extrapolate the value 

of ψg based on the value of fs calculated using Eq. (3.2). 

 
ψ ψ3

40 '

s gs
s b

c tr

b

f
d

f c K

d

 
 
 
   
   

  

 (3.1) 

 
'40

3ψ ψ

s tr
s c

s g b b

c K
f f

d d

 
  

 
 (3.2) 

 

0.15
ψ 1 ( 60000)      for  60,000 psi

20000

ψ 1                                        for 60,000 psi

g s s

g s

f f

f

   

 

 (3.3) 

where 

s = splice length (in.); 

fs = bar stress (psi); 

cf = concrete compressive strength (psi) limited to a maximum of 10,000 psi (69 MPa); 

40
tr

tr

A
K

sn
 ; 

Atr = area of confining transverse reinforcement normal to the plane of splitting through the 

anchored bars (in.2); 
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n = number of bars being developed or spliced in a considered section; 

s = spacing of transverse reinforcement (in.); 

ψs = bar size factor (1 for No. 7 (22 mm) and larger bars and 0.8 for No. 6 (19 mm) and smaller 

bars);  

(c’ + Ktr)/db ≤ 2.5; 

c’ = minimum of (csi, cso, cb) + 0.5db; 

The Class B splice factor of 1.3 is not used for this comparison. The mean test-to-

calculated-strength ratio (T/C) for the tests is 1.21, with a coefficient of variation (CoV) of 0.185. 

The provisions look generally safe for the specimens tested in this study. The value of T/C is less 

than 1.0, however, for all No. 5 (16 mm) bar specimens without confining transverse reinforcement 

and for two No. 8 (25 mm) specimens without confining transverse reinforcement, as shown in 

Figure 3.15. These comparisons imply that the bar size factor of 0.8 for No. 6 (19 mm) and smaller 

bars used to calculate development length makes the provision less conservative for No. 6 (19 mm) 

and smaller bars, as observed in previous studies (Zuo and Darwin 1998, 2000, ACI 408R-03).  

Table 3.7 Comparison of test results with ACI 318-19 design provisions1 

Specimen 
fcm 

(ksi) 

c' 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

 

tr

b

K

d
 

tr

b

c' + K

d
 g s 

fs-test 

(ksi) 

fs-calc 

(ksi) 
T/C 

5-a 12.10 1.36 - - 23 0.00 2.17 1.31 0.8 100.3 101.6 0.99 

5-b 12.10 1.40 0.11 3 23 0.92 3.16 1.38 0.8 148.9 111.0 1.34 

5-c 12.24 1.36 - - 30 0.00 2.18 1.45 0.8 115.9 120.2 0.96 

5-d 12.73 1.32 - - 21 0.00 2.12 1.26 0.8 93.3 94.3 0.99 

5-e 12.73 1.47 0.11 2 21 0.67 3.02 1.34 0.8 128.5 104.8 1.23 

5-f 12.73 1.37 - - 27 0.00 2.19 1.40 0.8 104.9 112.9 0.93 

8-0 6.30 1.63 - - 41 0.00 1.63 1.05 1 73.4 67.0 1.10 

8-a 12.49 1.88 - - 41 0.00 1.88 1.19 1 82.4 85.9 0.96 

8-b 13.03 2.16 0.2 4 41 0.78 2.94 1.32 1 140.9 103.2 1.36 

 

 



67 

 

Table 3.7 Cont. Comparison of test results with ACI 318-19 design provisions1 

Specimen 
fcm 

(ksi) 

c' 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

 

tr

b

K

d
 

tr

b

c' + K

d
 g s 

fs-test 

(ksi) 

fs-calc 

(ksi) 
T/C 

8-c 11.52 2.06 - - 54 0.00 2.06 1.37 1 103.9 108.8 0.96 

8-d 11.97 2.00 0.2 3 54 0.44 2.44 1.46 1 133.1 120.9 1.10 

8-e 15.37 2.08 - - 37 0.00 2.08 1.19 1 102.0 85.9 1.19 

8-f 14.70 2.00 0.2 3 37 0.65 2.65 1.28 1 125.2 96.7 1.30 

8-g 15.37 2.14 - - 49 0.00 2.14 1.34 1 105.6 104.7 1.01 

8-h 13.45 2.18 0.2 2 49 0.33 2.50 1.42 1 124.2 115.4 1.08 

8-i 12.78 2.88 - - 36 0.00 3.00 1.26 1 93.9 95.0 0.99 

8-j 12.73 2.94 0.2 3 36 0.67 3.67 1.26 1 135.1 95.0 1.42 

8-k 14.70 2.64 - - 33 0.00 2.89 1.22 1 104.9 89.9 1.17 

8-l 14.70 2.78 0.2 2 33 0.48 3.51 1.22 1 112.4 89.9 1.25 

11-a 13.45 2.56 0.2 2 48 0.24 2.05 1.15 1 84.6 80.6 1.05 

11-b 12.72 2.66 0.2 7 48 0.83 2.71 1.24 1 123.6 91.7 1.35 

11-c 13.21 2.54 0.2 2 62 0.18 1.98 1.25 1 96.6 93.1 1.04 

11-d 12.89 2.56 0.2 7 62 0.64 2.46 1.35 1 132.0 106.7 1.24 

11-e 14.38 2.66 0.2 2 43 0.26 2.15 1.13 1 87.0 77.3 1.13 

11-f 14.38 2.76 0.2 6 43 0.79 2.75 1.19 1 125.2 85.4 1.47 

11-g 13.22 2.61 0.2 2 57 0.20 2.05 1.23 1 102.6 90.2 1.14 

11-h 13.22 2.64 0.2 5 57 0.50 2.37 1.29 1 132.6 98.9 1.34 

11-i 11.91 2.60 0.2 10 41 1.38 3.23 1.17 1 142.5 82.8 1.72 

11-j 11.91 3.80 0.2 5 53 0.54 3.23 1.28 1 124.5 97.7 1.27 

11-k 13.45 2.63 0.31 6 24 2.20 4.06 0.98 1 108.6 56.7 1.91 

11-l 13.45 3.68 0.31 5 28 1.57 4.18 1.03 1 110.3 64.2 1.72 

14-a 10.28 2.85 0.31 4 82 0.36 2.04 1.31 1 102.8 100.8 1.02 

14-b 12.71 2.60 0.31 9 82 0.80 2.34 1.37 1 137.8 109.9 1.25 

14-c 14.42 2.91 0.31 2 64 0.23 1.95 1.18 1 93.4 83.5 1.12 

14-d 12.05 2.85 0.31 7 64 0.80 2.48 1.28 1 119.5 97.6 1.22 

14-e 14.29 2.82 0.31 2 76 0.19 1.86 1.23 1 97.1 90.5 1.07 

14-f 12.91 2.83 0.31 5 76 0.48 2.15 1.30 1 131.7 99.4 1.33 

14-g 15.53 2.69 0.31 2 57 0.26 1.85 1.11 1 88.3 74.7 1.18 
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Table 3.7 Cont. Comparison of test results with ACI 318-19 design provisions1 

Specimen 
fcm 

(ksi) 

c' 

(in.) 

At 

(in.2) 
N 

s 

(in.) 

 

tr

b

K

d
 

tr

b

c' + K

d
 g s 

fs-test 

(ksi) 

fs-calc 

(ksi) 
T/C 

14-h 14.98 2.90 0.31 6 57 0.77 2.49 1.23 1 126.7 90.7 1.40 

           Max 1.91 

           Min 0.93 

           Mean 1.21 

           SD 0.224 

           CoV 0.185 
1 1 ksi = 6.89 MPa; 1 in. = 25.4 mm; fcm = measured concrete compressive strength; db = nominal diameter of bars 

being developed; fs-test = test bar stress in spliced bars; fs-calc = calculated bar stress in spliced bars based on design 

provisions in ACI 318-19; c = (cmin+0.5db); cmin = minimum of (minimum concrete cover, half of the clear spacing 

between bars);At = cross-sectional area of a single leg of confining transverse reinforcement (two-leg stirrup); N = 

number of stirrups in a splice region; Ktr = transverse reinforcement index; s = splice length; s = bar size factor; g 

= reinforcement grade factor. 

 
Figure 3.15 T/C vs. bar diameter (ACI 318-19) (TR = confining transverse reinforcement; 1 in. 

= 25.4 mm)  
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CHAPTER 4 : DESCRIPTIVE EQUATIONS 

4.1 GENERAL 

Zuo and Darwin (1998, 2000) formulated descriptive equations and design criteria based 

on a statistical analysis of 171 specimens containing developed or spliced bars without confining 

transverse reinforcement and 245 specimens containing developed or spliced bars with confining 

transverse reinforcement. However, the database lacked high-strength bars developed or spliced 

in high-strength concrete. In this chapter, these design criteria are reevaluated based on a larger 

database of specimens, including test results for wide ranges of concrete compressive strengths 

(1.8 to 16 ksi; 12 to 110 MPa) and bar stresses (28 to 155 ksi; 97 to 1069 MPa). All bars are 

bottom-cast. 

The database consists of test results of 1099 specimens, including 1060 specimens reported 

in the Lepage et al. (2023) database and 39 specimens from this study. The Lepage et al. (2023) 

database contains 483 specimens with bars not confined by transverse reinforcement and 577 

specimens with bars confined by transverse reinforcement. Of the 39 specimens in this study, 11 

do not have confining transverse reinforcement, and 28 have confining transverse reinforcement. 

The total database for specimens with bars not confined by transverse reinforcement and with bars 

confined by transverse reinforcement are presented in Tables E.1 and E.2, respectively, in 

Appendix E. The design criteria developed in this chapter and Chapter 5 are based on the test 

results of specimens with spliced bars in constant moment regions subjected to monotonic loading.  

Of the specimens in the Lepage et al. (2023) database, a number of specimens are not 

included in the analysis. These include:  

1. Specimens with strain gauges attached in the splice region because the presence of strain 

gauges weakens the bond between the concrete and bar.  

2. Specimens with clear bar spacing smaller than the larger of 1 in. (25 mm) or the bar 
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diameter, the minimum bar spacing permitted in ACI 318-19 to prevent poor concrete 

consolidation around the bars. 

3. Specimens tested by Richter et al. (2012) and Skillen et al. (2020) because the specimens 

had a bottom cover of 5 in., which is uncommon in practice.  

4. Specimens with splice lengths shorter than the larger of 12 in. or 16 times the bar diameter 

(16db) because they are not commonly used in practice and exhibit especially low strength 

for bars with confining transverse reinforcement (Darwin et al. 1995, Zuo and Darwin 

1998, 2000)).  

5. Specimens with bars confined by transverse reinforcement  (not the bars without confining 

transverse reinforcement) without a reported relative rib area for which no studies in that 

region exist for the given bar size to establish an appropriate relative rib area, which affects 

the contribution of transverse reinforcement to bond (Darwin et al. 1995b, 1996b and Zuo 

and Darwin 1998, 2000). 

6. Specimens with 8N1 bars in Zuo and Darwin (1998) study for the same reason for which 

Zuo and Darwin (1998) excluded them (the 8N1 bars had a high ratio of rib width to rib 

spacing, not common in practice, which increased the tendency for a pullout failure). 

After filtering the database based on the above criteria, 247 specimens without confining 

transverse reinforcement (Specimens listed in Table F.1 of Appendix F) and 301 specimens 

containing confining transverse reinforcement (Specimens listed in Table F.2 of Appendix F) were 

used in the analyses that follow, which consider the effects of splice length, concrete cover, bar 

spacing, bar size, bar geometry, and quantity of transverse reinforcement. 
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4.2 BARS WITHOUT CONFINING TRANSVERSE REINFORCEMENT 

The model used in this study is influenced by the work of Darwin et al. (1995b, 1996b) and 

Zuo and Darwin (1998, 2000). Darwin et al. (1995b, 1996b) and Zuo and Darwin (1998, 2000) 

used a model with bar force normalized to a specific power of concrete compressive strength  p

c
f   

and performed regression analysis to relate the normalized bar force with different governing 

parameters: splice/development length, bar size, concrete cover, bar spacing, and relative values 

of concrete cover or bar spacing. In this study, the model is modified, and bar stress, instead of bar 

force, is normalized to a specific power of concrete compressive strength  p

c
f  . The resulting 

expression in terms of bar stress is then converted to be in terms of bar force. The method used to 

derive the expression to calculate bar force as a function of splice length, bar size, concrete cover, 

bar spacing, and relative values of concrete cover or bar spacing is detailed next. 

4.2.1 Effect of Splice Length and Concrete Cover 

The initial model on which linear regression analysis is performed relates /
p

s c
f f   with 

( / )( / )s b bd c d , as shown in Eq. (4.1).  

 1 2
s s

p

c b b

f c
C C

f d d

   
    

    
 (4.1) 

where fs is the maximum bar stress attained in a splice test, p

c
f   represents the contribution of 

concrete strength, with units the same as of fs, the power p is the parameter to be optimized that 

governs the effect of concrete compressive strength contributing to bond strength, s is splice 

length, db is bar diameter, and c is cover or bar spacing dimension equal to cmin + 0.5db, where cmin 

is the minimum of (cb and cs), cb is a bottom cover, cs is the minimum of cso and csi + 0.25 in. (6.4 

mm), cso is the concrete side cover, and csi is half of the clear bar spacing. The addition of 0.25 in 

(6.4 mm) to csi is adopted from the work of Darwin et al. (1995b, 1996b) and Zuo and Darwin 

(1998, 2000) due to the potential for longer effective crack lengths when concrete splits between 
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bars, as shown in Figure 4.1. C1 is the slope of the relationship between /
p

s c
f f  and ( / )( / )s b bd c d

, and C2 is the intercept of the relationship.  

 

 
Figure 4.1 Bond cracks when csi < cb (Darwin et al. 1995a) 

4.2.2 Effect of Relative Concrete Cover and/or Bar Spacing 

Studies by Darwin et al. (1995b, 1996b) and Zuo and Darwin (1998, 2000) have shown 

that though c is the primary controller of bond strength contributed by cover or bar spacing, the 

relative values of cb, cso, and csi affect the bond strength for given c. The earlier studies have shown 

that the effect can be represented by multiplying the right side of Eq. (4.1) by the term  

 max
3 4

min

c
C C

c

 
 

 
 (4.2) 

where cmax and cmin are, respectively, the maximum and minimum values of cb and cs. At this stage 

in the analysis, no limit on cmax/cmin is imposed.  

Adding Eq. (4.2) to Eq. (4.1) gives 

 
max

1 2 3 4

min

s s

p

c b b

f cc
C C C C

f d d c

     
       

     
 (4.3) 

The values of p, C1, C2, C3, and C4 that provide the best fit with the data are obtained using 

a two-step process. First, p is varied from 0.1 to 1 at intervals of 0.01 (Figure 4.2) to determine the 

values of C1 and C2 for each value of p that provide the best-fit between values of p

s c
f f   based 

on test results 
p

s c
f f    test and the right side of Eq. (4.1), 

1 2( / )( / )s b bC d c d C  with a mean ratio 
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of the left side to the right side of 1.0 and the minimum CoV. Second, the process is repeated to 

determine the values of C3 and C4 for each set of values of p, C1, and C2 from the first step that 

provide the best-fit between values of 
p

s c
f f    test and the right side of Eq. (4.3) with a mean ratio 

of the left side to the right side of 1.0 and the minimum CoV. 

The relationship between p and the coefficient of variation (CoV) for the two-step process 

is shown in Figure 4.2. The minimum CoV, 0.1234, is attained for p between 0.24 and 0.25. 

Selecting p = 0.25 gives 

 
max

0.25

min

62.2 3664 0.11 0.83s s

c b b

f cc

f d d c

     
       

     
 (4.4) 

 
Figure 4.2 CoV of T/C based on Eq. (4.4) vs. p 

If it is desired that the term in the right parenthesis on Eq. (4.4) will equal 1.0 when cmax/cmin 

= 1.0, Eq. (4.4) can be modified as follows: 

 
max

1 2 3 4

min

s s

p

c b b

f cc
K K K K

f d d c

     
       

     
 (4.5) 

where K1 = C1(C3+C4) 
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K2 = C2(C3+C4) 

K3 = C3/(C3+C4) 

K4 = C4/(C3+C4) 

Making these substitutions, Eq. (4.4) becomes 

 max

0.25

min

58.7 3460 0.12 0.88s s

c b b

f cc

f d d c

     
       

     
 (4.6) 

4.2.3 Effect of Bar Size 

The next step is to determine the ability of Eq. (4.6) to accurately represent splice strength 

without regard to reinforcing bar size. Considering the left side as the test strength (T) and right 

side of Eq. (4.6) as the calculated strength (C), T/C is compared with bar diameter (db) in Figure 

4.3. As shown in the figure, Eq. (4.6) become progressively less conservative as bar diameter 

increases. 

 
Figure 4.3 T/C vs. db plot based on Eq. (4.6) 

To correct the bias illustrated in Figure 4.3, the analysis used to develop expressions similar 

to Eq. (4.4) and (4.6) is repeated with a modification that takes bar size into account. For this 
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analysis, a dummy variables regression analysis based on bar size (Draper and Smith 1998) is used 

to relate  0.25
/

s c
f f   to ( / )( / )s b bd c d , first without accounting the effect of cmax/cmin. Dummy 

variables analysis is a regression technique that is based on the assumption that for multiple groups 

of data, in this case, groups based on bar size, a change in one input variable, in this case, 

( / )( / )s b bd c d , will have a similar effect on an output variable, in this case,  0.25
/

s c
f f  , for all 

group of data, but the absolute value of output variable can be different for each group of data. In 

this case, the metric bars are grouped with the nearest ASTM bar size for the analysis.   

For the dummy variables analysis, the expression relating bar stress, fs, with 

( / )( / )s b bd c d  the model takes the form 

 1 20.25

s s
i

c b b

f c
C C

f d d

   
    

    
 (4.7) 

but the power p is now taken as 0.25, the value established when developing Eqs. (4.4) and (4.6), 

C1 is the slope of the relationship, which, based on the dummy variables analysis, equals to 62 and 

C2i is the intercept at  0.25
/

s c
f f   = 0 for each bar size, as shown in Table 4.1 and Figure 4.4.  

Table 4.1 Intercepts for each bar size based on dummy variables analysis for  0.25
/

s c
f f   versus 

( / )( / )s b bd c d 1 

Bar Number of specimens db (in.) C2i 

No. 4 2 0.5 4050 

No. 5 29 0.625 4829 

No. 6 42 0.75 4321 

No. 7 6 0.875 3707 

No. 8 108 1 3394 

No. 9 5 1.128 2901 

No. 10 1 1.27 3766 

No. 11 51 1.41 3255 

No. 14 3 1.693 1967 
1 No. 4 = 13 mm; No. 5 = 16 mm; No. 6 = 19 mm; No. 7 = 22 mm; No. 8 = 25 mm; No. 9 = 29 mm; No. 10 = 32 mm; 

No. 11 = 36 mm; No. 14 = 43 mm; 1 in. = 25.4 mm. 
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Figure 4.4 fs/f’c

0.25 versus (s/db)(c/db) plot with best-fit lines based on Eq. (4.7) 

 

Table 4.2 Summary of dummy variables analysis for  0.25
/

s c
f f   versus ( / )( / )s b bd c d  for bar 

sizes ranging from No. 4 though No. 141 

Bar 
Number of 

specimens 
C2i/db

-1.5 C2i/db
-1 C2i/db

-0.75 C2i/db
-0.5 C2i/db

-0.25 C2i/db
0 C2i/db

0.5 

No. 4 2 1432 2025 2408 2864 3406 4050 5728 

No. 5 29 2386 3018 3394 3817 4293 4829 6108 

No. 6 42 2807 3241 3482 3742 4021 4321 4990 

No. 7 6 3034 3243 3353 3467 3585 3707 3962 

No. 8 108 3394 3394 3394 3394 3394 3394 3394 

No. 9 5 3476 3272 3175 3081 2990 2901 2732 

No. 10 1 5390 4783 4506 4244 3998 3766 3342 

No. 11 51 5449 4589 4211 3865 3547 3255 2741 

No. 14 3 4333 3330 2919 2559 2244 1967 1512 

 Mean 3522 3433 3427 3448 3497 3577 3834 

 STDEV 1336 823 627 536 614 835 1514 

 CoV 0.38 0.24 0.18 0.16 0.18 0.23 0.39 

 Range 4017 2758 2097 1685 2049 2862 4596 

 Weighted 

Average 
3596 3558 3563 3584 3623 3678 3845 

1 No. 4 = 13 mm; No. 5 = 16 mm; No. 6 = 19 mm; No. 7 = 22 mm; No. 8 = 25 mm; No. 9 = 29 mm; No. 10 = 32 mm; 

No. 11 = 36 mm; No. 14 = 43 mm; 1 in. = 25.4 mm. 

The intercepts (C2i), in general, decrease with an increase in bar size. To determine a 
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representation that includes the effect of bar size on the intercept of the  0.25
/

s c
f f  – ( / )( / )s b bd c d  

relationship so that a single expression will work for all bar sizes, the values of C2i are normalized 

with respect to the bar diameter to the power a, db
a, for bar sizes ranging from No. 4 (13 mm) 

through No. 14 (43 mm), and the mean value and CoV of C2i/db
a are obtained for values of a 

between -1.5 and 0.5, as shown in Table 4.2. Figure 4.5 shows the CoV of C2i/db
a as a function of 

the power a. 

 
Figure 4.5 CoV of C2i/db

a vs. a for bar sizes ranging from No. 4 though No. 14 

The minimum CoV of C2i/db
a is obtained for a = -0.5. The weighted average multiplier for 

db
-0.5 is determined for the full dataset as 3584, shown in Table 4.2, resulting in the following 

expression. 

 
0.5

0.25
62 3584s s

b

c b b

f c
d

f d d


   

    
    

 (4.8) 

To account the effect of relative concrete cover, or bar spacing on bond strength, or both, 

the second step in the linear regression analysis discussed in Section 4.2.2 is performed to find the 

values of C3 and C4 that provide the best fit with the expression  
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  (4.9) 

Doing so yields C3 = 0.1 and C4 = 0.853. 

If, as in the development of Eq. (4.6), it is desired that the term in the right parenthesis on 

Eq. (4.9) is equal to 1.0 when cmax/cmin = 1.0, Eq. (4.9) can be modified as follows: 

 
0.5 max

0.25

min

59.1 3414 0.105 0.895s s
b

c b b

f cc
d

f d d c


     

       
     

 (4.10) 

Considering the left side as a measure of the test strength (T) and the right side of Eq. (4.10) 

as a measure of the calculated strength (C), Eq. (4.10) results mean T/C equal to 1.0 and a COV of 

T/C equal to 0.109. T/C based on Eq. (4.10) is compared again with bar diameter (db) in Figure 

4.6, where the best-fit line is close to horizontal, demonstrating unbiasedness of Eq. (4.10) with 

respect to bar size, unlike Eq. (4.6). Also, the CoV of T/C based on Eq. (4.12) is less, 0.109, than 

the CoV based on Eq. (4.6), 0.123.  

 
Figure 4.6 T/C vs. db based on Eq. (4.10) 
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