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Abstract 

 

Development of Lap Splices Using Headed Reinforcement 

 

 

 

Antonio Lopez Ledesma, M.S.E. 

The University of Texas at Austin, 2000 

 

Supervisor:  John E. Breen 
 

 Recent progress in the fabrication of headed reinforcement provides 

opportunities for simplifying some details common to bridge structures.  This 

study focused on the use of headed bars in lap splicing applications.  Sixteen tests 

were evaluated to determine the behavior of unconfined headed bar lap splices.  

Variables included strength of staggered splices vs. adjacent splices, head size, 

head shape, bar spacing, lap length, and bar size.  Conclusions were made 

concerning each variable and a model is proposed to determine the capacity of the 

lap splice. 
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Chapter 1:  Introduction 

 

1.1 General 

Recent progress in fabricating headed reinforcement provides 

opportunities for simplifying some details common to bridge structures.  The goal 

of this study is to explore new uses for headed bars in structural concrete 

reinforcement applications. 

One application that shows potential for use of headed bars is in lap 

splices.  Lap splices are used in many ways in reinforced concrete structures.  

Large concrete structures usually require very long reinforcing bars in order to 

handle the tension forces present in structural elements.  Due to transportation and 

handling limitations, reinforcing bars cannot always be made to the necessary 

lengths.  Lap splices are typically used to provide continuity.  In a lap splice, 

forces are transferred between the bars through the concrete surrounding the bars. 

The reinforcing bars are overlapped for a given length so that bar forces can be 

transferred through local bearing stresses on lugs and shearing stresses in the 

surrounding concrete as shown in Figure 1.1. 



fs

x

Bar 1 Bar 2

Lap Length

As2fs2

As1fs1 Bar 1

Bar 2

fs

x

Bar 1 Bar 2

fs

x

Bar 1 Bar 2

Lap Length

As2fs2

As1fs1 Bar 1

Bar 2

Lap Length

As2fs2

As1fs1 Bar 1

Bar 2

 

Figure 1.1 – Conventional Lap Splice 
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Lap splices are also used in retrofit applications.  Although retrofit 

projects may be less numerous than new construction, the construction is often 

very labor intensive and expensive.  Simplification of details may reduce project 

costs.  One example of a retrofit application using lap splices is the widening of a 

bridge structure.  In order to widen a bridge (see Fig. 1.14), the bent cap 

supporting the bridge deck must also be widened.  To widen the bent cap, 

concrete must be removed to expose enough reinforcing steel so that a lap splice 

can effectively connect the new bent cap to the existing bent cap.  Another 

alternative would be to use mechanical couplers that join the bars end-to-end.  

The problem with mechanical couplers is that they require space to align the bars 

properly and may result in congestion problems. 



1.2 Conventional Lap Splices 

Conventional lap splices work by transferring tensile forces in one bar to 

another bar through the surrounding concrete.  For smooth bars, the transfer of 

forces is done primarily through adhesion between the concrete and the steel bar.  

However, once adhesion is lost, the bar pulls out at low stresses.  In order to solve 

this problem, deformed bars are used.  The force in the deformed bar is 

transferred by bearing against deformations, typically called lugs, as shown in 

Figure 1.2.  Lugs create a wedge-type action with the concrete thus transferring 

forces between bars.  However, the force in one bar is transferred gradually over 

some length of bar.  The splice or overlap length is the distance needed for the 

force to be effectively transferred from one bar to the other. 

Lug
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Rib

LugLug
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Figure 1.2 – Transfer of Forces Between Bars in a Conventional Lap Splice 

 



Failures of conventional lap splices are generally governed by splitting 

caused by ring tension around the bar.  Ring tension occurs because components 

of the bearing force from the lugs create an outward radial force, as shown in 

Figures 1.3-1.5.  Once enough force is produced, the surrounding concrete splits 

in tension along its weakest plane.  Splitting progresses until the reinforcing bar 

slips out of the concrete and can no longer transfer force between bars. 
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==

 

Figure 1.3 – Component Forces Acting on Bar 

 

==

 

Figure 1.4 – Component Forces Acting on Concrete 
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(b) - Side Splitting Cracks 

Figure 1.5 – Splitting Cracks Caused by Radial Forces Acting on Concrete 

 

1.3 AASHTO Code Recommendations 

The requirements for development length of reinforcing bars can be found 

in Section 8.25 of AASHTO Standard Specifications for Highway Bridges [3].  

The requirement for basic development length of #11 bars and smaller is: 

cf'
yfb0.04A

dl =  , but not less than   (Eq. 1-1) yf0.0004db

 5
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where ld is the required development length in inches, Ab is the nominal area of 

the bar in in2, fy is the yield strength of the bar in psi, and f’c is the concrete 

strength in psi.  The requirements for splices of reinforcement can be found in 

Section 8.32 of AASHTO.  Lap splices are defined as Class A, B, or C splices.  

AASHTO definitions for splice class are given in Table 1.1.  The minimum lap 

splice allowed by the code is 12 inches.  Modification factors for each type of 

splice are as follows: 

Class A splice  1.0 * ld 

Class B splice  1.3 * ld 

Class C splice  1.7 * ld 

 

Table 1.1 – AASHTO Classification of Tension Lap Splices 

 
Maximum Percent of As 
Spliced within Required 

Lap Length 
(As provided)/(As required) 50 75 100 

Equal to or Greater than 2 Class A Class A Class B 
Less than 2 Class B Class C Class C 

 

 The basic development length of a Class A splice using #8 bars and 4000 

psi strength concrete would require a 30 in. lap splice.  If the lap splice were used 

to connect precast elements, the splice would need to meet the requirements of a 

Class C splice.  The Class C splice would then need to be over 50 inches in length 



to meet the AASHTO development length requirements.  Use of headed bars in 

lap splices would reduce the required lap lengths considerably. 

 

1.4 Headed Bars 

Use of headed bars may be a better solution than conventional straight bar 

development for some splicing applications.  Progress in the manufacture of 

headed bars is allowing more ways of installing heads (heading) on reinforcing 

bars.  Headed bars are fabricated by friction-welding plates on the ends of bars, 

forging heads on the ends of bars using portable devices, and using threaded 

heads after threading the bars (Figs. 1.6-1.8).  Heads can be made in a variety of 

shapes such as square, rectangular, and circular. 

 

                    

Figure 1.6 – Friction-welded Heads 
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Figure 1.7 – Forged Head 

               

Figure 1.8 – Threaded Head 

 

The manner in which headed bars develop capacity is different than that of 

conventional non-headed bars.  In addition to developing force through bearing on 

the lugs of the deformed bar, headed bars can also develop capacity through direct 

bearing of the head as shown in Figure 1.9.  Because the head size can be varied, 

development of the bar’s tensile capacity need not vary directly with lap length, as 

is the case for non-headed bars. 
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Concrete WedgeConcrete WedgeConcrete Wedge

 

Figure 1.9 – Development of Headed Bars 
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 In a headed bar lap splice, it is theorized that the bars develop by a 

combination of bearing of the head and bearing of the lugs on the surrounding 

concrete.  The concrete between opposing heads acts like a compression member 

(compression strut).  Failure of the compression strut occurs when cracks form 

and propagate from one head to the other or crushing of the concrete occurs.  The 

crack that develops in the concrete between the heads can also be interpreted as 

failing in tension.  The force being transferred from one head to the other head 

tends to spread out in a bottle-shape fashion.  Tension stresses develop in the strut 

as the compressive forces spread out as shown in Figure 1.10.  The concrete 

cracks when the tensile limit stress of the concrete is reached.  A good example of 

a compression strut failure is the ASTM C496-96 [8] test used to determine the 

tensile strength of concrete.  Figure 1.11 shows why the cylinder splits under 

compression loading.  As load is applied to the cylinder, the compressive forces 

spread out as the width of the cylinder increases.  As the cylinder decreases in 

width, the compressive forces must converge.  As these forces spread out and 

converge, component forces induce tensile forces in the concrete.  These tensile 

forces are responsible for failure of the concrete cylinder.  Even though failures of 

the compression strut occur by tensile forces and shear planes, they are still 

referred to as compression failures. 

 



 

Figure 1.10 – Strut-and-Tie Model of Compression Strut Between Heads 
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Figure 1.11 – ASTM C496-96 Test 
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 Figure 1.12 shows the hypothesized development of a headed bar splice. 

The rate at which the lugs develop tension in the headed bar should be equal to 

the development rate of the lugs of a non-headed bar.  Therefore the lap length 

should be reduced by the amount of development provided by the head.  How 

large the head must be to provide significant development of the bar must be 

established.  Is there a maximum head size that will develop the bar?  Does the 

use of a head cause unknown types of failures and how would this affect the 

design of headed bar splices?  What is the ideal spacing of headed bar splices?  

Does the head shape affect development?  These are all questions that must be 

answered before headed bar laps can be used with confidence by practicing 

designers.   

Lap Length
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Figure 1.12 – Hypothesized Development of a Headed Bar Splice  

(Adjacent Splice Shown) 



1.5 Headed Bar Splice Applications 

 There seem to be a number of details that show potential benefit from 

using headed bar lap splices.  One possible use for headed bars in lap splice 

applications is the general detail of a closure joint between precast units as shown 

in Figure 1.13.  Considerable savings can be made in time, formwork costs, 

material costs, and labor costs associated with constructing the cast-in-place joint 

by using headed bars to reduce the size of the joint.  The use of headed bars to tie 

structural elements together can also make the use of other precast elements more 

widespread. 

Ls
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Figure 1.13 – Closure Joint Details 

 

 

Another possible headed bar application is the idea mentioned earlier 

concerning the widening of bridge bent caps.  Circumstances may warrant that an 
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existing bent cap be widened instead of replaced entirely.  Concrete must be 

removed in order to expose enough reinforcing steel to effectively tie the 

structural elements together.  Since the use of headed bars would shorten the 

required lap length, less concrete would have to be removed from the end of the 

bent cap.  Figure 1.14 shows the process of a bent cap widening.  Methods that 

would allow on-site heading of bars, such as forging heads or threading heads, 

would be ideal for use in retrofit applications.   

The use of headed bars could also be used in new construction.  An 

example of using headed bars in new construction would be replacing an existing 

bridge with a new bridge.  Stage construction of bridge bent caps and slabs are 

often used so that traffic can be shifted onto part of the new bridge as the existing 

bridge is torn down and replaced as shown in Figure 1.15.  Clearance problems, 

such as the presence of existing structures, may limit the length of steel that can 

be exposed.  Use of headed bars would shorten the length of exposed steel 

required.   Shop fabricated heads, such as welded heads or threaded heads, would 

be ideal for these types of applications where the use of headed bars are 

anticipated.  Shop fabricated heads are generally larger in size and detailing of 

connections can be incorporated into the design. 



 

(a) – Existing Bent Cap 

 

(b) – Existing Bent Cap Steel and New Column Steel Exposed 

New StructureNew Structure

 

(c) – Headed Lap Splice Used to Connect Bent Cap Extension 

 

Figure 1.14 – Existing Bent Cap Widening Using Headed Reinforcement 
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(a) – Existing Bridge 

Existing Bridge To Be Removed Traffic Flow Shifted to New Bridge

Bar Extension Limited By Clearance

Existing Bridge To Be Removed Traffic Flow Shifted to New Bridge

Bar Extension Limited By Clearance

 

(b) - Traffic Flow Shifted to New Bridge as Existing Bridge Torn Down 

 

(c) - Finished Bridge 

Figure 1.15 – Staged Construction Sequence Using Headed Reinforcement 
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1.6 Background of Headed Bars 

Headed bars were introduced in reinforced concrete construction because 

the provisions for anchorage of bars, splices, and continuity between elements 

pose significant difficulties for designers and contractors.  Straight bar anchorages 

and lap splices are often so long that the resulting dimensions of elements are 

prohibitively large.  The most common solution is to use hooked bars or to 

incorporate mechanical connectors.  However, both options have drawbacks.  

Hooked bars create congestion problems and may make fabrication of 

reinforcement cages or placement and consolidation of concrete difficult when 

large amounts of reinforcement are required.  Mechanical connectors require 

special construction operations and careful attention to tolerances.  In order to 

reduce congestion problems, headed bars have been used instead of bent bars 

(hoops or ties) for shear reinforcement to anchor large diameter transverse 

reinforcement bars in the construction of reinforced concrete platforms for 

offshore development and petroleum production [10,16,20,24]. 

Considerable testing has been conducted on headed reinforcement.  Recent 

work at the University of Texas at Austin aimed at providing data on basic 

anchorage characteristics of headed bars.  Variables included depth or length of 

anchorage, size and shape of head, concrete cover, concrete strength, transverse 

reinforcement, and proximity of other headed bars [15].  Researchers in Norway 
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determined properties of headed bars in high strength concrete [17].  Some tests 

were conducted at the on beam-column joints where hooked bars were replaced 

by headed bars [9].   

A few tests have been conducted on knee joints [13,19,21], mostly at a 

relatively small scale.  One large knee joint specimen has been tested for 

CALTRANS [23] at the U.C. San Diego.  Some fairly large tests have been 

conducted at U.C. Berkley in which headed reinforcement was used in the 

strengthening of models of existing bridge supports structures. 

1.7 Objectives and Scope of Overall Study 

The research reported in this thesis is part of larger research investigation 

to explore new uses for headed bars in reinforced concrete structures.  The 

objective of the overall study is to determine the general anchorage behavior of 

headed bars in lap splices and nodal zones of discontinuity regions.  The behavior 

will be determined from large-scale tests of reinforced concrete specimens that 

mimic the structural details under study.  Data from these tests will be used to 

develop design criteria for the anchorage of headed bars. 

1.8 Objectives and Scope of Thesis 

The objectives and scope of this thesis are similar to those defined in the 

previous section.  In this thesis, only the behavior of headed bars in lap splice 

applications will be examined.  The factors that affect the performance of headed 
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bars will be evaluated and used to determine design criteria to ensure satisfactory 

performance of headed bars in lap splices.  The scope of this study entailed 

fabricating and testing to failure 14 full depth slabs reinforced with headed bars.  

The widths of the slabs were limited due to floor space and cost considerations.  

The widths of the slabs were selected so that edge failures would not occur. 
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Chapter 2:  Testing Procedure and Material Properties 

 

2.1 Objectives 

 The main objectives of the testing procedure were to examine and evaluate 

several variables that affect the performance of headed bars in splicing 

applications.  In order to effectively evaluate the variables, a total of 16 

unconfined lap splice tests were performed.  The test specimens were 

dimensioned so that edge failures, such as side blowout or side splitting, and 

yielding of the reinforcement in the specimens would not occur. 

2.2 Variables 

 Several variables were investigated for the lap splice specimens.  

Variables included strength of staggered vs. adjacent splice arrangements, head 

size, head shape, bar spacing, lap length, and bar size. 

Staggered bar laps were spaced equal distances from each other as shown 

in Figure 2.1.  Adjacent bar laps were spaced as so that the bars being spliced 

were as close together as the heads would allow.  This spacing varied due to the 

size of the head attached to the bar. 
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Figure 2.1 – Staggered vs. Adjacent Spacing of Lap Splice 

 

Head size is defined as the ratio of the net head area to the nominal area of 

the bar.  The net head area is determined by subtracting the nominal bar area from 

the gross area of the head.  Head shapes used were:  square, rectangular, and 

circular.  Bars were spaced at sbar of 6 in. or 10 in. on center.  Table 2.1 shows the 

properties of the various heads used in this study.  The distance inside the heads 

defines the lap length as shown in Figure 2.2.  Bar sizes used in this study were  
 21



Table 2.1 – Head Properties 
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Threaded Circular #8 0.79 - 2.25 3.98 3.19 4.03
Friction-welded Rectangular #8 0.79 1.5x3 - 4.50 3.71 4.70

Head Ab Ahead An (in
2)

Type Head Shape Bar Size (in2) Size Diameter (in2) (Ahead-Ab) An/Ab

Friction-welded Square #5 0.31 2x2 - 4.00 3.69 11.90
Forged Circular #5 0.31 - 1 0.79 0.48 1.53

Forged Circular #8 0.79 - 1.5 1.77 0.98 1.24

Head Size (in)

 

 

LsLs

 

Figure 2.2 – Definition of Lap Length (Shown for Adjacent Splice) 

 

#5’s and #8’s.  Clear cover and edge distances were measured from the bar and 

not the head.  Currently, headed reinforcement must meet requirements of ASTM 

A970-98 Standard Specifications for Welded or Forged Headed Bars for Concrete 

Reinforcement [4].  Many of the bars used in this program would not meet the 



An/Ab value of 10 required by the ASTM specification.  Smaller sized heads were 

used for research purposes. 

2.3 Nomenclature 

A systematic method for identifying the test specimens was adopted so 

that the specimens would be readily identifiable and distinguishable.  Because the 

lap splice study is part of an overall study exploring new uses for headed bars in 

structural concrete reinforcement applications, specimen identifiers were adopted 

so that the nomenclature would be consistent throughout the study.  Specimen 

designation for the lap splice specimens is shown in Figure 2.3. 
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Head Shape (Rectangular, Square,
Circular, X–No Head)

ULS-#8-3.7R-10A-8

Unconfined
or Confined
Lap Zone

Type of 
Specimen,
Lap Splice

An/Ab

Bar Spacing, sbar, in db

Staggered or Adjacent
Spacing

Splice Length, Ls, in db

Bar Size
Head Shape (Rectangular, Square,

Circular, X–No Head)

ULS-#8-3.7R-10A-8

Unconfined
or Confined
Lap Zone

Type of 
Specimen,
L

An/Ab

Bar Size

Splice Length, Ls, in db

Bar Spacing, sbar, in db

Staggered or A

ap Splice

djacent
Spacing

 

Figure 2.3 – Specimen Nomenclature 
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2.4 Preparation of Test Specimens 

 All test specimens were cast in wooden forms so that slab size could be 

adjusted to various widths.  The forms were sealed with a silicon caulk and 

sprayed with form oil to prevent bonding between the concrete and forms.  Two 

lifting inserts were cast into the slab approximately two to three feet from each 

end of the specimen so that the specimen could be moved from the casting area to 

the test area using an overhead crane.  In an attempt to save time and material 

cost, two initial specimens using #5 bars were cast so that two tests could be 

performed on each specimen.  In order to use one specimen for two tests, lap 

splices were cast on both the top and the bottom of the slab.  After one side was 

tested, the specimen was then flipped over so that the second lap splice could be 

tested.  This technique did not achieve the desired results.  The process of flipping 

over the specimens turned out to be rather dangerous.  Additionally, cracks in the 

first test tended to initiate and influence cracking in the second test and seemed to 

reduce the overall capacity of the second test.  This technique was abandoned for 

subsequent specimens containing #8 bars.  Specimens with #8 bars were cast so 

that each specimen would provide one test. 

All test specimens were reinforced with transverse reinforcement outside 

of the constant moment region containing the lap splice zone.  The transverse 

reinforcement consisted of hoops made from #3 reinforcing bars and bent to the 
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proper configuration.  The hoops were typically spaced from 4 in. to 5 in. on 

center.  The specimens containing #8 bars were also reinforced with four #4 

longitudinal bars 2½ in. from the bottom of the slab so that the specimens could 

be moved after the lap splices failed.  Figures 2.4 (a and b) show typical 

reinforcing layouts for the test specimens.  Specimens containing the #5 bars did 

not contain the additional longitudinal steel because those specimens had headed 

bars cast in the top and the bottom of the slabs.  Reinforcement cages were 

properly positioned in the forms using steel chairs, which were used on the 

bottom and sides of the forms. 
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Figure 2.4(a) – Reinforcement Layout for Staggered Specimens w/ #8 Bars 
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Figure 2.4(b) – Reinforcement Layout for Adjacent Specimens w/ #8 Bars 
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The specimens were cast in a series of four concrete placements.  The two 

lap splice specimens containing #5 bars were cast first.  The 12 specimens 

containing #8 bars were cast in the following three placements, with four 

specimens cast at a time. 

2.5 Description of Test Specimens 

 The test specimens had the same basic dimensions but varied in width.  

All of the specimens were 13 feet in length and had a nominal depth of 10 inches.  

Table 2.2 shows the dimensions and variables for each specimen. 

 
Table 2.2 – Lap Splice Specimens 

Concrete 
Casting Specimen

Slab 
Width 

(in)

sbar 

(in)
Ls 

(in)

Top Clear 
Cover to 
Bar (in)

Side Clear 
Cover to 
Bar (in)

ULS-#5-1.5C-16A-12 40 10 7.5 2.2 3.9
ULS-#5-1.5C-16A-12-R 40 10 7.5 2.2 3.9
ULS-#5-11.9S-9.6A-11.2 40 6 7 2.2 3.7

ULS-#5-1.5C-9.6A-12 40 6 7.5 2.2 3.7

ULS-#8-0X-10S-5 36 10 5 2.5 4.9
ULS-#8-4.7R-10S-5 36 10 5 2.1 5.0
ULS-#8-4.7R-10A-5 36 10 5 2.3 6.1
ULS-#8-4.7R-6S-3 25 6 3 2.3 4.0

ULS-#8-1.2C-10S-5 36 10 5 2.0 5.0
ULS-#8-1.2C-10A-5 36 10 5 2.1 6.8
ULS-#8-1.2C-6S-3 25 6 3 2.3 4.5
ULS-#8-4.7R-6S-5 25 6 5 2.1 4.5

ULS-#8-0X-10S-8 36 10 8 2.3 5.0
ULS-#8-1.2C-10S-8 36 10 8 2.0 5.0
ULS-#8-4.0C-10S-8 36 10 8 2.3 5.0
ULS-#8-4.7R-10S-8 36 10 8 2.0 5.0

3

4

1

2
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2.6 Testing Setup 

 Figure 2.5 shows the basic dimensions of the test setup.  The lap splices 

were tested so that the lap zone would be at the top of the specimens.  The 

specimens were then loaded from the bottom so that crack patterns could be easily 

observed.  A two-point loading setup was used so that a constant moment region 

would be achieved throughout the lap zone.  Load points were located 15 inches 

from the end of the splice.  Prior to loading, the specimens rested on concrete 

support blocks.  The specimens were loaded along two lines using two W6X12 

beams.  Two 30-ton hydraulic rams per load beam were used to load the 

specimens.  Two W12X65 reaction beams with roller supports spaced 12 feet 

apart were tied down into the lab floor using a total of 16 one inch, high-strength 

steel, threaded rods.   
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Figure 2.5 - Load Setup for Lap Splice Tests. 



 

Figure 2.6 – Hydraulic Pump 

 

 

Figure 2.7 – Loading Beam Resting on Pair of Hydraulic Rams 
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2.7 Instrumentation and Data Acquisition 

2.7.1 Strain Gages 

Electronic strain gages were used to determine strains along the bar.  

Strain gages were located at various points within the lap splice, at the end of the 

lap splice and outside of the lap splice.  Figure 2.8 shows a typical 

instrumentation scheme.   

Spaced @ 1/3 Ls
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“End of Splice”“Outside of Splice” “End of Splice”“Outside of Splice”

Spaced @ 1/3 LsSpaced @ 1/3 Ls

 

Figure 2.8 – Typical Strain Gage Instrumentation 

 

All of the test specimens used type EA-06-250BG-120 strain gages from 

Micro Measurements Group©.  The strain gages had a gage length of ¼ in., a 

resistance of 120 ohms, and a gage factor of 2.060 ± 0.5%.  The rebar surface was 

prepared using a hand-held grinder to create a smooth area approximately one 

inch in length along the longitudinal rib of the bar.  The area was further prepared 
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with light sanding using a 220 grit wet-dry sand paper and cleaned with acetone, a 

mild acid solution and neutralized with a mild base solution.  The strain gages 

were attached to the bar using a two-part strain gage adhesive recommended by 

the manufacturer.  The gages were protected with an acrylic coating, a layer of 

butyl rubber, and finally covered with a two-part, quick-setting epoxy. 

2.7.2 Load Measurement  

The load was determined using an electronic pressure transducer 

connected in-line with the four hydraulic rams.  Load was calculated by 

multiplying the measured pressure with the calculated area of the hydraulic rams.  

The area of the hydraulic rams was determined by calibrating the pressure 

transducer with the hydraulic rams using a 100 kip load cell. 

2.7.3 Deflection Measurement 

 Midspan deflection and deflection at the end supports were measured 

using linear potentiometers.  The linear potentiometers used for midspan 

deflection measurement had a gage length of four inches.  The linear 

potentiometers used to measure deflection at the end supports had gage lengths of 

either two or four inches.   
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2.8 Materials  

2.8.1 Concrete Properties 

 The cement used in all test specimens was normal strength Type 1 cement 

with fly ash added.  Three-quarter inch maximum size coarse aggregate was used.  

Slump typically ranged from 3 in. to 4 in. with the exception of the second 

casting, which had a slump of 7.5 in.  All specimens were cast with ready mixed 

concrete procured from a local supplier.   

Concrete strengths were determined by compression testing of 6 in. 

diameter concrete cylinders in accordance with ASTM C39-99 [5] within a few 

days of testing.  Average concrete strengths at the time of testing for each cast are 

reported in Table 2.3.  Specimens were tested between 28 and 42 days after 

casting.  Modulus of elasticity and modulus of rupture tests were performed on 

the #4 cast according to test procedures defined in ASTM C469-94 [7] and ASTM 

C78-94 [6], respectively.  Since the concrete strengths for the specimens with #8 

bars did not vary significantly, average properties were used in the analysis.  The 

average modulus of elasticity was estimated at 3,800,000 psi and the average 

modulus of rupture was estimated at 500 psi for the specimens with #8 bars.  

Modulus of elasticity and modulus of rupture tests were not performed on the 

concrete used for the specimens with #5 bars. 

 



Table 2.3 – Concrete Strengths 

Concrete 
Casting Specimen Concrete 

Strength

ULS-#5-1.5C-16A-12
ULS-#5-1.5C-16A-12-R
ULS-#5-11.9S-9.6A-11.2

ULS-#5-1.5C-9.6A-12

ULS-#8-0X-10S-5
ULS-#8-4.7R-10S-5
ULS-#8-4.7R-10A-5
ULS-#8-4.7R-6S-3

ULS-#8-1.2C-10S-5
ULS-#8-1.2C-10A-5
ULS-#8-1.2C-6S-3
ULS-#8-4.7R-6S-5

ULS-#8-0X-10S-8
ULS-#8-1.2C-10S-8
ULS-#8-4.0C-10S-8
ULS-#8-4.7R-10S-8

5700 psi

3200 psi

1

2

3700 psi

4000 psi

3

4

 

 

2.8.2 Steel Reinforcing Bar Properties 

 Steel bar specimens were tested in order to determine the yield stress and 

moduli of elasticity for the #5 and #8 bars used in the lap splices.  Modulus of 

elasticity tests were not performed on the #5 compression bars used in the testing 
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of the #8 bar specimens.  Two different suppliers provided reinforcing bars for the 

project.  Table 2.4 shows the results of tests performed on the supplied bars. 

 

Table 2.4 – Steel Reinforcing Bar Properties 
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Bar Specimen bar       

(in2)
Stren

Nominal 
A

Yield 
gth  

(kips)
Stress  
(ksi) Elasticity

#5 – Supplier #1 0.31 22 71.0 28.1x106 

Yield Modulus of 

psi
#8  - Supplier #1 0.79 54 68.4 29.4x106 psi
#8 – Supplier #2 0.79 48 60.8 29.4x106 psi
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Chapter 3:  Test Results and Behavior 

 

3.1 Introduction 

 The results of the 16 lap splice tests are summarized and discussed in this 

chapter.  The results are reported in terms of the maximum load, Pmax, maximum 

moment, Mmax, yield moment, My, and ratio of Mmax to My.  Test results are 

summarized in Table 3.1. 

3.2 Definitions of Terms 

3.2.1 Pmax 

 Pmax is defined as the maximum measured load reached by the test 

specimen.  The measured load is not the actual ram load applied to the specimen 

since the measured load also includes the dead load of the slab and the reaction 

beams located at each end of the specimen. 

3.2.2 Mmax 

 Mmax is the calculated moment applied to the specimen at failure.  The 

calculated moment takes into account the moment due to self-weight, moment due 

to the weight of the reaction beams, and the moment due to the applied load 

which was measured during the testing. 

3.2.3 Py 



 Py is the calculated load required to yield the tension reinforcement of the 

specimens.  The calculated yield load includes the dead load of the specimen and 

reaction beams. 

3.2.4 My 

 My is the calculated yield moment of the specimen.  The yield moments 

were calculated assuming a rectangular stress block and a reinforcement stress 

based on the measured yield stress of the tensile bars as reported in Chapter 2, 

Section 2.8.2.  The yield strength of all the #8 bars was 68 ksi except for those in 

specimen ULS-#8-4.0C-10S-8, which had bars with a yield capacity of 61 ksi. 

Table 3.1 – Test Results of Lap Splice Specimens 

Slab Width Pmax Py Mmax My

(in) Specimen (kips) (kips) (in-k) (in-k) Mmax/My

ULS-#5-11.9S-9.6A-11.2 20.40 20.6 1000 970 1.03
ULS-#5-1.5C-9.6A-12 17.20 20.6 830 970 0.86
ULS-#5-1.5C-16A-12 15.60 14.8 740 660 1.12

ULS-#5-1.5C-16A-12-R 15.90 14.8 760 660 1.15

ULS-#8-1.2C-6S-3 7.30 20.7 350 1070 0.33
ULS-#8-4.7R-6S-3 8.50 20.7 420 1070 0.39
ULS-#8-4.7R-6S-5 11.40 21.1 570 1070 0.53

ULS-#8-0X-10S-5 7.20 21.8 310 1070 0.29
ULS-#8-1.2C-10S-5 10.20 21.8 480 1070 0.45
ULS-#8-1.2C-10A-5 10.50 21.8 490 1070 0.46
ULS-#8-4.7R-10S-5 12.10 21.8 580 1070 0.54
ULS-#8-4.7R-10A-5 13.50 21.8 660 1070 0.62
ULS-#8-0X-10S-8 10.40 22.4 470 1070 0.44

ULS-#8-1.2C-10S-8 12.40 22.4 580 1070 0.54
ULS-#8-4.0C-10S-8 14.20 20.6 670 980 0.68
ULS-#8-4.7R-10S-8 14.00 22.4 660 1070 0.62

40

25

36

 
 37



 38

3.3 Specimen Failures 

 In conventional lap splices, non-headed bars must transfer force from one 

bar to the lapped bar through local bearing stresses on lugs and shearing stresses 

in the surrounding concrete.  To fully develop bars in tension when no transverse 

reinforcement present, the ring stresses around the bar must be kept below the 

tensile limits of the concrete.  Therefore, overlap lengths need to be rather long to 

fully develop the spliced bars in tension.  Headed bar laps transfer force between 

bars by direct bearing of the heads and lugs on the concrete.  The concrete 

between the heads can be idealized as a compression strut.  Failure of the strut 

occurs when compression stresses in the strut reach the effective compressive 

strength of the concrete that may be less than the compressive cylinder strength 

depending on the state of concrete cracking.  Section 1.4 offers a more descriptive 

explanation of how failures can occur in compression struts.  In the initial series 

with #5 bars, most of the specimens developed full yield strength of the 

reinforcement.  Such failures indicate that the splice is fully effective but do not 

indicate whether a shorter lap length would have been equally effective.  In the 

subsequent series of #8 bar specimens, the lap lengths were substantially reduced 

in order to provide more information on the mechanisms of splice development 

with headed reinforcement. 

 



3.3.1 Failure of Specimens with #5 Bars 

 Four specimens reinforced with #5 bars were tested.  One specimen (ULS-

#8-1.5C-9.6A-12) with forged headed bars spaced at 6 in. and with a 7.5 in. splice 

length failed by splitting along an outer edge splice.  Figure 3.1 shows the 

specimen at failure.  The ordinary splice length for #5 bars with these covers as 

given by AASHTO 8.25.1 [3] is 12 inches or 19 bar diameters.   

 

 

Splitting Crack 

Figure 3.1 – Failure of Specimen ULS-#5-1.5C-9.6-12 

 

Three of the specimens failed by yielding of the tensile reinforcement.  Very little 

information can be deduced about the behavior from lap splices that yield other 

than the combination of lap length and head size was sufficient to cause yielding 

of the reinforcement.  These specimens had lap lengths or 12 bar diameters or 

about 65% of the splice length required by AASHTO Basic Development Length 

Equation.  This indicates great promise for lapped splices with headed bars.  
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Figure 3.2 shows the load vs. deflection response for the specimen reinforced with 

six #5 bars spaced at 6 in. and Figure 3.3 shows the response for the specimen 

reinforced with four #5 bars spaced at 10 in. 
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Figure 3.2 – Load - Deflection for Specimens with Six #5 Bars, sbar = 6 in. 
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Figure 3.3 – Load - Deflection for Specimens with Four #5 Bars, sbar = 10 in. 
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3.3.2 Failure of Non-Headed Bar Splices 

 Two specimens with non-headed bar splices were tested as control 

specimens.  Both specimens had #8 bars spaced at 10 in. with staggered splice 

arrangements, one with Ls = 5 in. and the other with Ls = 8 in.  The ordinary 

splice length for #8 bars with these covers as given by AASHTO 8.25.1 [3] is 32 

inches or 32 bar diameters.  The greatly shortened splice lengths used were 

chosen to force splice failure before bar yield for research purposes.  Figure 3.4 

shows the failure of a non-headed bar splice with a lap length of 5 in.  The 

specimen developed 29% of My although the lap length used was only 5/32 (16%) 

of the AASHTO requirement.  The failure plane resembles a cone shape typically 

observed with shallow pullout tests of single bars. The failure planes follow lines  

 

                  

Figure 3.4 - Failure of Specimen ULS-#8-0X-10S-5 
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of principal compression between bars and cracks form due to high tensile 

stresses in the orthogonal direction.  Figure 3.5 shows the failure of a non-headed 

splice with a lap length of 8 in.  The specimen developed 44% of My although the 

lap length used was only 8/32 (25%) of the AASHTO requirement.  The specimen 

failed after splitting cracks along the two outermost bars formed.  The longer 

splice length allowed the specimen to reach a 50% higher maximum moment than 

the specimen with the 5 in. lap length before failure occurred.  Under large 

deformations beyond the peak load, the combination of splitting and flexural 

cracks resulted in a cracking plane developing completely across the specimen.  

Upward forces at the ends of the bars due to bending of the specimen caused the 

cracked cover to lift from the bars as shown in Figure 3.6.  It should be noted that  

 

                    

Cracks propagating 
from lugs

Figure 3.5 - Failure of Specimen ULS-#8-0X-10S-8 
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diagonal cracks were observed in the remaining concrete between the bars.  These 

parallel cracks provide an indication of the development of multiple “struts” 

between the lugs of the spliced bars. 

 

 

Lap ZoneLap ZoneLap Zone

 

(a) - Initial Orientation of Bars Before Loading 

Upward Force Caused by 
Bending of Specimen 

P P

Upward Force Caused by 
Bending of Specimen 

P P

 

(b) Orientation of Bars During Loading 

Figure 3.6 – Cover Liftoff Caused by Bending of Specimen 
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3.3.3 Failure of Small Headed Bar Splices 

 Four specimens reinforced with #8 bars with forged heads having An/Ab = 

1.2 were tested.  The presence of a head allowed the force in the bars to be 

transferred through direct bearing of the head on the concrete in addition to 

bearing of the lugs on the concrete. 

Failure of Specimens With Staggered Spacing 

 Three specimens were reinforced with #8 bars and had a staggered splice 

arrangement.  These specimens experienced failures along the compression struts 

between the heads of the opposing bars.  Figure 3.7 shows the failure of specimen 

ULS-#8-1.2C-6S-3.  In spite of the small head size and very short lap length, the 

specimen developed 33% of My although the lap splice was only 3/32 (9%) of the  

 

             

Figure 3.7 – Failure of Specimen ULS-#8-1.2C–6S-3 
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AASHTO requirement.  When the cover was removed from this specimen, no 

cracks propagating from the lugs could be observed suggesting that most of the 

force was being transferred by bearing of the heads on the concrete.   

When head size is increased, stresses in the compression strut were 

reduced due to the increased area of the compression strut.  Therefore, higher 

loads are required in order to reach failure of the splice.  Figure 3.8 shows “wavy” 

crack patterns between bar heads, which indicate that diagonal compression struts 

were forming.  Figure 3.9 shows the two specimens after the cover was removed.  

Specimen ULS-#8-1.2C-10S-5 reached 45% of My although the lap splice was 

only 5/32 (16%) of the AASHTO requirement.  Specimen ULS-#8-1.2C-10S-8   

 

                         

Wavy crack patterns 

Figure 3.8 – Wavy Crack Patterns Indicating Formation of Diagonal 
Compression Struts 
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reached 54% of My although the lap splice was 8/32 (25%) of the AASHTO 

requirement.  No cracks propagating from the lugs could be observed in the 

specimen with the 5 in. lap splice suggesting that the heads are responsible for 

most of the force transfer between bars.  The specimen with the 8 in. lap length 

show cracks propagating from the lugs on the bar and from the heads.  This 

suggests that force is being transferred in compression struts between bars by both 

the lugs and the heads. 

 
Compression strut failures 

                              

Figure 3.9 – Specimens ULS-#8-1.2C-10S-5 and ULS-#8-1.2C-10S-8 
Showing Development of Compression Struts 

 

Failure of Specimen With Adjacent Spacing 

 The specimen with small headed bars adjacent to each other failed by 

splitting cracks which formed along the outermost bars as shown in Figure 3.10.  
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rs are spaced adjacently, it is difficult 

 discern the action

 

The specimen reached 46% of My although the lap length was only 5/32 (16%) of 

the AASHTO requirement.  The splitting cracks may have developed due to the 

combination of ring tension surrounding the heads of the bar and ring tension 

surrounding the lugs of the bar.  Since the ba

to  that initiated cracking. 

                           

Figure 3.10 – Failure of Specimen ULS-#8-1.2C-10A-5 

 

Fai

Splitting cracks 

3.3.4 Failure of Large Headed Bar Splices 

lure of Specimens with Staggered Spacing 

 Six specimens reinforced with #8 bars had large heads with An/Ab from 

4.0 to 4.7.  In the specimen with the 3 in. staggered splice and the specimen with 

the 5 in. staggered splice, the failure of the compression strut led to failure of the 
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s fail first due 

inement from the outer edge

specimen as shown in Figure 3.11.  The absence of splitting cracks along the bar 

suggests that the heads mainly transferred the force between the bars.  Figure 3.11 

also shows how struts were formed for the outer splices although no cracking in 

the struts between the interior splices could be observed.  This suggests that a 

wedging action forms in the interior splices and that the outer splice

s of the slab. to the lack of

 

 conf

                                        

Strut formation 
along outer 
splices 

    

Figure 3.11 – Failure of ULS-#8-4.7R-6S-3 and ULS-#8-4.7R-10S-5 

 

Figure 3.12 shows the failure of specimen ULS-#8-4.7R-6S-5.  The 

specimen reached 53% of My although the lap length was only 5/32 (16%) of the 

AASHTO requirement.  A crack propagates from the edge of the head of the outer 

bar and extends to the head of the opposing bar.  It is unclear if the crack started 
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as a   In 

ddition to th e, a second crack was formed at failure of the 

specim

crack in the compression strut or as a splitting crack along the bar.

a e crack described abov

en.  This second crack is also located along an outer edge splice. 

 

 Crack propagating from 
edge of uppermost head 

Compression 

                    

Figure 3.12 – Failure of Specimen ULS-#8-4.7R-6S-5 

 

 Of pecimens with 8 in. lap splices, one had circular heads with an 

An/Ab = 4.0 and the other had rectangular heads with An/Ab = 4.7. The specimen 

with circular heads developed 68% of My and the specimen with rectangular 

heads developed 62% of My although the lap lengths were only 25% of the 

AASHTO re  to the yield 

 the two s

quirement.  The specimen with circular heads was closer

struts 
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oment than the specimen with rectangular heads even though both specimens m

reached roughly the same moment capacity.  This was due to the specimen with 

circular heads having reinforcement with a yield stress of 61 ksi as opposed to the 

specimen with rectangular heads, which had reinforcement with a yield stress of 

68 ksi.  Pictures taken at failure show cracks in the compression strut and splitting 

cracks in front of the circular head as shown in Figure 3.13.  With the cover 

removed, one can see that cracks propagate from the heads on some bars and also 

propagate from the lugs on other bars.  Looking back at the previous specimens 

discussed that had 8 in. lap splices, all of the specimens show diagonal cracking 

along the compression strut that propagated from lugs near the middle of the lap 

splice.  This may indicate that an 8 in. lap splice is the beginning of a transition 

zone where significant development of the bar is achieved by a combination of 

bearing of the lugs and bearing of the heads on the concrete.  The other specimen 

had rectangular heads with An/Ab = 4.7.  Figure 3.14 shows how splitting cracks 

along the bar led to cover failure of this specimen.  The splitting cracks resulting 

from ring tension surrounding the bars show that significant bar development was 

achieved by bearing on the lugs in addition to bearing on the heads. 
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Figure 3.13 – Failure of Specimen ULS-#8-4.0C-10S-8 

 

 

               

Splitting Cracks 

Figure 3.14 – Failure of Specimen ULS-#8-4.7R-10S-8 
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ecimen with Adjacent Splice 

One specimen (ULS-#8-4.7R-10A-5) had 5 in. lap splice length spaced 

n failed as shown in Figure 3.15.  The specimen reached 

 although the lap length used was only 5/32 (16%) of the AASHTO 

g cracks could be observed along the bar before failure 

 bars mainly occurred by bearing against 

res tak he cover was rem ved show a large 

is cracks is 

served from previous specimens.  The crack may not 

ession strut formed between the 

Failure of Sp

adjacently.  The specime

62% of My

requirement.  No splittin

suggesting that the force transfer between

the heads of the bars.  Pictu

diagonal cra

rger than typically ob

accu

spliced 

en after t o

ck extending between the spliced bars.  The angle of th

la

rately represent the angle of the compr

bars but may have formed due to high tensile stresses that form in the 

zone between the two opposing pullout cones. 

 

High Tension Zone
Due to Opposing 
Pullout Cones

High Tension Zone
Due to Opposing 
Pullout Cones

   

Figure 3.15 - Failure of Specimen ULS-#8-4.7R-10A-5 



3.4 Load-Deflection Response of Specimens with #8 Bars 

Load vs. deflection for the 12 specim
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sim ection 

 

ens reinforced with #8 bars are 

shown in Figures 3.16 to 3.19.  The graphs are divided into four groups with 

ilar properties.  Each graph includes the theoretical load vs. defl

response.  Comparison between the specimens will be discussed in Chapter 4. 

0
2
4

Midspan Deflection (in)

6
8

1
12
14
16
18
20
22

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Lo
ad

, P
 (k

ip
s)

ULS-#8-4.7R-6S-3
ULS-#8-1.2C-6S-3
ULS-#8-4.7R-6S-5

0

Theor al

 

etic

Figure 3.16 – Load vs. Deflection of 25 in. Wide Specimens 
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Figure 3 s = 5 in. 
 

.17 – Load vs. Deflection of 36 in.  Specimens w/ Staggered L
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Figure 3.18 – Load vs. Deflection of 36 in. Specimens w/ Adjacent Ls = 5 in. 
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Figure 3.19 – Load vs. Deflection of 36 in. Specimens w/ Staggered Ls = 8 in. 

 

Figure 3.20 shows an example of the individual specimen load vs. 

deflection graphs located in the appendix.  In addition to the graphs, pictures 

taken before failure, at failure, and after cover removal are presented. 
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Figure 3.20 – Load-Deflection Response of ULS-#8-4.7R-10S-5 

 

3.5 Measured Strains 

 The average measured strain at failure of the specimen does not always 

coincide with the expected strain at failure.  Two reasons why the measured strain 
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in the 

i se 

the in 

nforcing bar are:  1) strain gages located near cracks have lower strains becau

ng the bars transfer tension forces and 2) strain gage 

reinforcing bars may not accurately reflect the actual strain 

re

the concrete surroundi

readings may not reflect average strain in the bar due to the bending of the bar 

during loading.  Figure 3.21 shows the average measured strain outside of the lap 

splice when the specimen failed.  Figure 3.22 shows the average measured strain 

at the end of the lap splice when the specimen failed. 
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Figure 3.21 – Strains Outside of Splice at Mmax for Specimens w/ #8 Bars 
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Figure 3.22 – Strains at End of Splice at Mmax for Specimens w/ #8 Bars 

 

For some specimens, the average strain at failure is well below the 

theoretical strain.  The theoretical estimation of strain is based on cracked section 

analysis.  The location of the strain gage in relation to a crack has a large 

significance on the measured strain.  Strain gages several inches away from 

cracks have lower strains because the specimen is behaving as an uncracked 

section.  Specimen ULS-#8-0X-10S-8 is a good example of how strain gage 

location affects the strain readings.  Figure 3.23 shows the specimen at failure so 

that the location of strain gages in relation to cracks can be observed.  The 
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average strain for the gages at the end of the splice is 1100 microstrain while the 

average strain for the gages outside of the splice is 640 microstrain. 

 

Figure 3.23 – Location of Strain Gages in Relation to Cracks 

 

 Strain gauges can also read higher or lower than expected stains for 

another reason.  As described in Section 2.7.1, the strain gauges were attached to 

reinforcing bars along the longitudinal rib of the bar.  When the bars were cast in 

the specimen, the exact orientation of the strain gages could not be controlled.  

The bars bend as the specimen deflects during loading.  Strain along the top of the 

bar is higher than strain at the bottom of the bar. 
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Chapter 4:  Comparison of Test Results 

 

4.1 Introduction 

 Test results are discussed in this chapter and comparisons are made in 

terms of the strength of staggered vs. adjacent splice arrangement, head size, head 

shape, bar spacing, lap splice length, and bar size. 

4.2 Staggered vs. Adjacent Splice Arrangements 

 Two test groups in which the only variable was lap splice position provide 

data for direct comparison.  Staggered lap splices were spaced so that all bars 

were equal distances from each other and adjacent splices were spaced so that 

spliced bars were as close as the heads would permit.  Four specimens with #8 

bars, sbar = 10 in., and Ls = 5 in. were tested.  Two of specimens had circular 

heads with An/Ab = 1.2 and the other two specimens had rectangular heads with 

An/Ab = 4.7.  Figure 4.1 shows that staggered lap splices did not perform as well 

as adjacent lap splices. In each plot, the value of the largest moment developed 

was used to determine the ratio of relative strength.  The circular heads had 

almost the same strength whether adjacent or staggered.  The larger rectangular 

heads (An/Ab = 4.7) shows the staggered splices to be 12% weaker.  The largest 

staggered spacing used in this study was 5 inches but it is recommended that a 

maximum allowable staggered spacing be established. 
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Figure 4.1 – Beam Capacities with Staggered and Adjacent Splice Laps 

 

4.3 Head Size 

 Head sizes used in the study of #8 bar specimens had An/Ab that ranged 

from 1.2 to 4.7.  ASTM A970-98 [4] requires a minimum An/Ab = 10.  However, 

none of the headed bars used in the specimens with #8 bars met this requirement.  

For research purposes, smaller An/Ab ratios were used in order to determine the 

effect that head size and development along the bar had on the strength of the lap 
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splice.  As shown in Figures 4.2 to 4.4, moment capacity increased as An/Ab 

increased.  However, the relationship was not linear.  Also, as lap length 

increased, the effect of increased head size on capacity diminished.  Three groups 

of specimens offered direct comparisons between head sizes.  All groups of 

specimens were reinforced with #8 bars spaced at 10 in. with 3, 5, or 8 inch lap 

lengths.  In Figure 4.2, specimens with 3 inch lap lengths are compared.  The 

splices with large heads (An/Ab = 4.7) were 20% stronger than splices with small 

heads (An/Ab = 1.2).  In Figure 4.3, specimens with 5 in. lap lengths are 

compared.  Splices with small heads were more than 50% stronger than the non-

headed bar splices.  With large heads, the capacity was nearly 90% greater than 

the non-headed bars.  In Figure 4.4, the capacity of specimens with 8 in. lap 

lengths are compared.  Bars with small heads (An/Ab = 1.2) reached a capacity 

23% greater than the non-headed bars.  With An/Ab = 4.0 the capacity increased 

43%, and with An/Ab = 4.7 the capacity increased by 40%.  Figure 4-4 shows that 

specimen ULS-#8-4.0C-10S-8 reached an Mmax/My of about 0.69 which was 

larger than specimen ULS-#8-4.7R-10S-8 even though both had roughly the same 

capacity.  Specimen ULS-#8-4.0C-10S-8 was reinforced with bars that had a 

lower yield capacity (fy = 61 ksi) vs. fy = 68 ksi for the other specimens. 
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Figure 4.2 – Beam Capacity vs. Head Size with Ls = 3 in. 
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Figure 4.3 – Beam Capacity vs. Head Size with Ls = 5 in. 
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Figure 4.4 – Beam Capacity vs. Head Size with Ls = 8 in. 

 

 Figure 4.5 shows the effect that head size has on the strain distribution 

along the bars in the lap zone at a load of P = 7.2 kips (29% of My).  P = 7.2 kips 

is also the load at which the non-headed bar specimen failed.  Theoretically, the 

strains at the ends of the bar should be similar if the beams are at the same load.   
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Figure 4.5 – Strain Along Splice at P = 7.2 kips 
b = 36 in., Ls = 5 in., sbar = 10 in., Staggered Splice 
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The graph shows that all strains are below the theoretical strain.  This is probably 

due to the influence of cracking patterns.  The calculated cracking load of the 

specimens is approximately 7.0 kips.  All of the specimens in Figure 4.5 showed 

cracking at P = 7.2 kips.  However, the headed bar specimens had less cracking 

than the non-headed bar specimen.  The headed bar specimens generally showed 

little cracking in the lap splice zone at P = 7.2 kips, therefore stresses are largely 

transferred by tension in the surrounding concrete instead of by the bars.  Stress 

levels of non-headed bars show near linear development over the length of the lap 

splice while the headed bars show a more constant strain distribution.  Strain 

gages placed near the ends of bars show that strain at the ends of non-headed bars 

approach zero while the strain at the ends of headed bars show a value greater 

than zero.  Figure 4.6 shows the strain distribution of the headed bar specimens at 

failure.  The headed bars show increased development along the length of the lap 

splice.  This indicates that a combination of bearing of the head and bearing of the 

lugs on the concrete contribute to the development of the bars.  Further testing of 

specimens with longer lap lengths need to be conducted to determine whether the 

behavior holds true at higher stresses. 
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Figure 4.6 – Strain Along Splice at Failure 
b = 36 in., Ls = 5 in., sbar = 10 in., Staggered Splice 

 

4.4 Head Shape 

 The effect of head shape was studied using the results of tests with 

circulars heads (An/Ab = 4.0) and rectangular heads (An/Ab = 4.7).  Figure 4.7 

shows that the specimens developed nearly the same capacity.  The figure shows 

that the specimen with circular heads was closer to yield than the specimen with 

rectangular heads even though they both reached roughly the same capacity.  The 

specimen with circular heads used bars with a lower yield strength (fy = 61 ksi) 

than the other specimen (fy = 68 ksi). 

Although clear cover to the head was not a variable in this study, 

minimum clear cover requirements should be met in the field.  An advantage to 
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using circular heads is they are easier to place in situations where the headed 

reinforcement is close to the concrete surface.  When using square or rectangular 

heads, the orientation of the head may be hard to control.  Unless the depth of the 

bar is sufficient to allow the square or rectangular head to be placed at any 

orientation and still satisfy cover requirements, clear cover tolerances may not be 

met if the reinforcing bars rotate during steel cage assembly or when concrete is  
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Figure 4.7 – Beam Capacity vs. Head Shape 
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Figure 4.8 – Clear Cover of Headed Reinforcement 

 

placed.  Figure 4.8 shows how the orientation of rectangular heads and square 

heads changes the clear cover. 

4.5 Bar Spacing 

 One direct comparison in which the variables were constant except bar 

spacing indicated that bar spacing did not affect the performance of headed bar 

splices.  It would be advisable to conduct more tests with varied bar spacing.  

Figure 4.9 shows the comparison between specimens with #8 bars, An/Ab = 4.7, 

and 5 in. staggered laps.  One specimen had bars spaced at 6 in. on center while 

the other specimen had bars spaced at 10 in. on center.  These specimens 

developed 53% and 54% of their yield moment capacities, respectively. 
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Figure 4.9 – Beam Capacities with 6 in. and 10 in. Bar Spacing 

 

4.6 Lap Splice Length 

 Lap length influenced the performance of the lap splice tests significantly.  

Three direct comparisons were made in which all variables were kept constant 

except for lap length.  All specimens were reinforced with #8 bars and had 10 in. 
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staggered splices with lap lengths of either 5 or 8 inches.  The capacities are 

shown in Figure 4.10.  Specimens with no heads showed an increase in capacity 

of 52%.  Specimens with small heads (An/Ab = 1.2) showed an increase in 

capacity of 21% while specimens with large heads (An/Ab = 4.7) showed an 

increase of 14%. 
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Figure 4.10 – Comparison of 5 in. and 8 in. Lap Lengths with Various Heads 
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4.7 Bar Size 

 In designing the test program, the influence of bar size on the performance 

of headed bar splices was included.  However, three of the specimens with #5 bars 

failed by yielding of the reinforcement and the fourth failed after splitting cracks 

formed along an outer lap splice.  Therefore, no comparisons could be made with 

the #8 bar specimens. 

4.8 Comparison with Existing Models 

4.8.1 Comparison with Orangun, Jirsa, and Breen 

Based on analyses of data, Orangun, Jirsa, and Breen (O-J-B) [22] 

determined that the average bond strength along the bar (u) for non-headed bars 

without any transverse reinforcement is: 
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C = min(Cb or Cs) 

  2.5
d
C

b

≤  

Cb is the clear cover to main reinforcement and Cs is half the clear spacing 

between bars or splices or half available concrete width per bar or splice resisting 

splitting in the failure plane. 

 

Using 
s

bs

4L
df

u = , the equation can be rearranged and solved for Ls/db 
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      (Eq. 4-2) 

  

  Figure 4.11 shows the average stress of specimens with #5 bars at failure 

vs. Ls/db.  The graph shows that the headed bars reached stresses higher than 

predicted using O-J-B’s equation. 

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ls/db

#5 with 1.5 Head

#5 with 11.9 Head

O-J-B Eq.

 

Figure 4.11 – Comparison of #5 Bar Specimens with O-J-B 

 

Figure 4.12 shows the average stress of the specimens with #8 bars at 

failure vs. Ls/db.  One problem with the development length equation for non-

headed bars by O-J-B is that the analysis was based from Ls/db ratios over 10 and 
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was not intended for very short development lengths.  The lap lengths used in this 

study were very short.  For example, if the development length is zero, the stress 

in the bar should be zero for non-headed bars, but the computed stress is 12 ksi. 

0

10

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Ls/db

fs

20

30

40

50

60

70

 o
ut

si
de

 o
f s

pl
ic

e 
(k

si
)

#8 with No Head
#8 with 1.2 Head
#8 with 4.0 Head
#8 with 4.7 Head
O-J-B Eq.

 

Figure 4.12 – Comparison of #8 Bar Specimens with O-J-B 

 

4.8.2 Comparison with AASHTO Basic Development Length Equation 

It would be better to compare the measured data of this study with the 

basic development length equation specified in Section 8.25 of the AASHTO 

Standard Specifications for Highway Bridges [3].  The basic development length 

equation in AASHTO was developed from a compilation of research on 

development and splice lengths but was simplified and incorporated a resistance 
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factor of approximately 0.85 for use in design [1,2,22].  The requirement for basic 

development length of #11 bars and smaller is: 

cf'd yb
yfb0.04A

l =  , but not less than   (Eq. 4-3) f0.0004d

Substituting Ls for ld, modifying to solve for Ls/db, and removing the resistance 

factor of about 0.85, the equation becomes: 

  0.85
cf'd

sfb0.04A

d
L

bb

s =       (Eq. 4-4) 

Figure 4.13 shows the test results versus the Modified AASHTO equation.  

The specimens with non-headed bars follow the Modified AASHTO equation 

well.  The figure also shows that the small heads (An/Ab = 1.20) increased the 

stress development of the bar while the larger size heads (An/Ab = 4.0 and 4.7) 

showed a greater increased in development stress. 
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Figure 4.13 – Comparison with Modified AASHTO Equation 

 

In Chapter 1, Section 1.4, a hypothesis was proposed that the headed bar 

lap splice develops bar stress by both bearing of the head and bearing of the lugs 

on the surrounding concrete.  Figure 4.14 is a repeat of Figure 1.12 that shows the 

bar develops a certain amount by bearing of the head and then development of the 

bar increases linearly by bearing of the lugs on the surrounding concrete.  Figure 

4.5 showed how stresses along the headed bars do not go to zero at low levels of 

stress like the non-headed bars.  Figure 4.6 showed that at higher levels of stress, 

the headed bar splice shows development at the head and then development of the 

bar increases along the lap length.  This seems to confirm the hypothesis of how a 
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Figure 4.14 – Development of Headed Bar Splice 

 

headed bar lap splice develops.  A simple method for determining the design 

capacity of headed bar lap splices would be beneficial to designers.  The results 

obtained suggest that development is composed of two parts with a form y = A + 

Bx. Part A of the development occurs by bearing of the head.  Part Bx occurs by 

bearing of the lugs of the bar on the surrounding concrete over a lap length x.  

Figure 4.15 is the same as Figure 4.13 except that it shows how development by 

part A (bearing of the head) may be estimated.  Part Bx, the development by the 

lugs of the bar, can be estimated using the Modified AASHTO Equation 4-4.  

These values of Bx are shown by drawing lines parallel to the Modified AASHTO 

Equation 4-4 through the data points for An/Ab = 1.2 and 4.7 respectively.  The 
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intercept of these lines with the fs axis at Ls/db = 0 gives a good estimate of the 

head bearing contribution (A).  From the Figure 4.15, a rough approximation 

shows that the development by bearing of the head with An/Ab = 1.2 is 

approximately 8 ksi and the development by bearing of the head with An/Ab = 4.7 

is approximately 23 ksi. 
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Figure 4.15 – Development that Parallels Modified AASHTO Equation 

 

4.8.2 Comparison with DeVries’ Side Blowout Capacity Equation 

 In his research on anchorage of headed bars, DeVries [15] determined the 

blowout capacity of headed bars.  The equation DeVries developed was similar to 



the equation that Furche and Eligehausen [18] used to determine the development 

of headed studs.  Variables used in his research such as cover, development 

length, concrete strength, head size and edge placement are relevant in the use of 

headed bars in lap splices.  In his analysis of development length as a variable, 

DeVries concluded that the increased capacity provided by development length 

could be accurately predicted using O-J-B’s equation or the development length 

provisions in ACI 318-95 [1].  However, DeVries conservatively chose not to 

include development length as a variable in the design equation.  DeVries’ 

equation for side blowout capacity of headed reinforcement is: 

'
cn1

bon

bo
U fA0.017C

A
A

P =  (SI Units)   (Eq. 4-5)  

Converting to customary US units gives 

 '
cn1

bon

bo
U fA204.7C

A
A

P =      (Eq. 4-6) 

where Pu is the blowout capacity in lbs, C1 is the minimum edge distance to the 

center of the bar in inches, An the net bearing area of the head in in2 and f’c the 

concrete compressive strength in psi.  The ratio Abo over Abon is the ratio of 

available failure area for a single bar or group of bars to the basic failure area.  

Abon equals 36C1
2, which was determined by the Comite Euro-International du 

Beton (CEB) [12] as the average failure surface area of a single bolt near an edge 

and was used by DeVries in his studies of headed bars.  Figures 4.16 and 4.17 
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show graphically how Abon and Abo are defined.  For lap splices, the available 

failure area for an interior bar would be: 
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Figure 4.16 – Definition of Available Failure Area, Abo, for an  

Interior Headed Bar 
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Figure 4.17 – CEB Definition of Basic Blowout Failure Area, Abon,  

Shown for a Single Headed Bar 



Stresses near the heads of the headed bars were calculated using DeVries side 

blowout model and compared to measured stresses near the heads.  Statistical 

measurements of the comparison are shown in Table 4.1.  The predicted stresses 

are close to the graphically approximated stresses determined in Figure 4.15.  

Figure 4.18 shows how the predicted stress, σpred, compares to the measured 

stress, σmeas.  The figure shows that there is a wide range of scatter in the data. 

 
Table 4.1 – Comparison of Measured Stress at the Head with Predicted 

Stress Using DeVries’ Side Blowout Model 
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ULS-#8-1.2C-10A-5 530 12.1 10.7 1.14
ULS-#8-1.2C-10S-8 495 11.3 12.3 0.92

ULS-#8-4.0C-10S-8 1275 29.2 22.1 1.32

ULS-#8-4.7R-6S-3 680 15.6 11.2 1.39
ULS-#8-4.7R-6S-5 960 22.0 12.5 1.77

ULS-#8-4.7R-10S-5 875 20.0 20.8 0.97
ULS-#8-4.7R-10A-5 880 20.2 20.8 0.97
ULS-#8-4.7R-10S-8 1400 32.1 23.9 1.34

Maximum 1.77
Minimum 0.64

Average 1.19
Standard Deviation 0.32

Specimen
Measured 
Strain (με)

σmeas 

(ksi)
σpred 

(ksi)
σmeas/σpred

ULS-#8-1.2C-6S-3 365 8.4 5.8 1.45
ULS-#8-1.2C-10S-5 300 6.9 10.7 0.64

 



At least part of the scatter may be attributed to the influence of crack patterns.  

Strain gages near cracks record higher strains and strain gages located further 

away from cracks record lower strains.  It might be better to compare the 

development of the headed bar lap splice specimens using moment capacity 

instead of using bar strain data. 
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Figure 4.18 – Comparison of Measured Bar Stress at the Head with 
Predicted Bar Stress at the Head Using DeVries’ Side Blowout Model 

 

4.8.3 Calculation of Moment Capacity Using Combination of DeVries’ 
Model and the Modified AASHTO Development Length Equation 

 
The development of a headed bar splice could be calculated using a 

combination of DeVries’ side blowout equation and the Modified AASHTO 

equation for development length.  The proposed model for bar development 

would be of the form: 
 83



        (Eq. 4-8) MAu PPF +=

where F is the force developed by the bar in lbs, Pu is the force developed by the 

head using DeVries’ side blowout equation, and PMA is the force developed by the 

lugs of the bar along the lap length using the Modified AASHTO equation.  The 

expanded form of the equation would be. 

 ( )( )0.850.04
fL

fA204.7C
A
A

F
'
cs'

cn1
bon

bo +=    (Eq. 4-9) 

The values of Pu and PMA were calculated and used to predict the moment 

capacity of the headed bar specimens.  Predicted moment capacities were 

determined using rectangular stress block theory.  Mu is the predicted moment 

using Pu and MMA is the predicted moment using PMA.  The forced developed by 

the bar (F) times the number of bars being spliced (n) represents the total tension 

force developed by the beam section.  The predicted moment capacities (Mpred) 

were then compared with the measured moment capacities (Mmax). 

MAupred MMM +=       (Eq. 4-10) 

Statistical measures of the comparisons are shown in Table 4.2.  Moment 

capacities were used to compare the specimens instead of bar stresses because 

measured strain gage data tend to show a wide range of scatter depending on the 

cracking pattern of the specimen.  The combination of DeVries’ side blowout 

model and the Modified AASHTO development length equation gives average 
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values that are nearly equal to the measured average capacities of the headed bar 

specimens.   

 

Table 4.2– Predicted Moment Capacities Based on DeVries’ Side Blowout 
Model and the Modified AASHTO Development Length Equation 

 

 85

ULS-#8-4.7R-10A-5 78.9 514 26.5 173 687 680 0.99
ULS-#8-4.7R-10S-8 90.7 592 42.4 276 868 660 0.76

Maximum 1.45
Minimum 0.76

Average 1.04
Standard Deviation 0.21

Specimen
n*Pu   

(kips)
Mu   

(in-k)
n*PM.A. 

(kips)
MM.A. 

(in-k)
Mpred 

(in-k)
Mmax 

(in-k)
Mmax/  
Mpred

ULS-#8-1.2C-6S-3 21.9 140 15.9 102 242 350 1.45
ULS-#8-1.2C-10S-5 40.5 264 26.5 173 437 480 1.10
ULS-#8-1.2C-10A-5 40.5 264 26.5 173 437 490 1.12
ULS-#8-1.2C-10S-8 46.6 304 42.4 276 580 580 1.00

ULS-#8-4.0C-10S-8 84.0 548 42.4 276 824 670 0.81

ULS-#8-4.7R-6S-3 42.6 272 15.9 102 374 410 1.10
ULS-#8-4.7R-6S-5 47.3 303 26.5 169 472 570 1.21

ULS-#8-4.7R-10S-5 78.9 514 26.5 173 687 580 0.84

 

 

Figure 4.19 shows the measured capacities compared to the predicted moment 

capacities of the headed bar specimens.  The measured capacities were higher 

than the predicted moment capacities for capacities below 600 in-kips or 



approximately 55% of My.  For capacities above 600 in-kips, the measured 

capacities were below the predicted capacities.  More tests closer to the yield 

moment would be helpful to determine if this model is increasingly 

unconservative at higher capacities.  The development length contribution could 

conservatively be ignored for design purposes.  Figure 4.20 shows the measured 

moment capacities compared to the capacities predicted only using DeVries’ side 

blowout model, Mu.  The yield moment, My for these specimens was 1070 in-k.  

The measured capacities were higher than the predicted capacities for all tests. 
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Figure 4.19 – Comparison of Measured Moment Capacities of Headed Bar 
Specimens with Predicted Moment Capacities Using Eq. 4-9 
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As capacity increases, the measured capacities approach the predicted capacities.  

Again, further tests near yield failure would be helpful to determine if this model 

remains conservative at higher capacities.  For design purposes, it would be 

conservative to ignore the contribution of development length.  However, some 

minimum development length should be established to avoid very large heads 

with extremely short lap splices.  Ideally, designers should be able to answer the 

question; “Given the available development length, how big must the head be to 

fully develop the bars in tension?” 

0
100
200
300
400
500
600
700
800
900

1000

0 100 200 300 400 500 600 700 800 900 1000 1100

Mu (in-k)

M
m

ax
 (i

n-
k)

1100

 

Figure 4.20 – Comparison of Measured Moment Capacities of Headed Bar 
Specimens with Capacities Predicted Using DeVries Side Blowout Model 
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4.9 Recommendations for Further Research 

More tests are needed to determine the required Ls/db to cause yielding of 

the reinforcement for the specimens with #8 bars and to determine how the 

proposed model compares to measured capacities as yield is approached.  More 

tests are also needed with shorter lap splice lengths using #5 bars to determine 

whether the specimens match trends observed with the #8 bar specimens and to 

determine the effects of bar size on the headed bar lap splice model.  Tests where 

the bars are sheathed to destroy bond along the bar in the lap zone would be 

useful for better understanding of the contribution by bearing of the head on the 

concrete.  Tests using confining reinforcement will also need to be evaluated. 



 89

Chapter 5:  Summary and Conclusions 

 

5.1 Summary 

Recent progress in fabricating headed reinforcement provides 

opportunities for simplifying some details common to bridge structures.  This 

study focused on the use of headed bars in lap splicing applications.  Use of 

headed bars may significantly reduce the required lap length to fully develop the 

reinforcing bars and therefore, may be a better solution than conventional straight 

bar development for some splicing applications.  Areas that show the most 

promise for use of headed bar splices are in precast construction and in situations 

where clearance problems may limit the exposure of steel required to provide 

continuity, such as retrofit applications or staged construction. 

Headed bars were introduced in reinforced concrete construction because 

provisions for anchorage of bars, splices, and continuity between elements pose 

significant difficulties for designers and contractors. Use of headed bar 

anchorages may reduce congestion problems which make the fabrication of 

reinforcement cages and placement and consolidation of concrete difficult when 

large amounts of bent bar reinforcement are used. 
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Sixteen tests were evaluated to determine the behavior of unconfined 

headed bar lap splices.  Variables included strength of staggered splices vs. 

adjacent splices, head size, head shape, bar spacing, lap length, and bar size. 

5.2 Conclusions 

 The following observations and conclusions were made concerning the 

behavior of headed bars in lap splices: 

1) Force transfer between spliced bars occurs by a combination of bearing of 

the head and bearing of the lugs of the bar through the surrounding 

concrete. 

2) Staggered lap splices did not perform as well as adjacent lap splices.  The 

staggered lap splices developed 88% to 98% of the capacities of the 

adjacent splices.  Staggered splices were spaced so that all bars were equal 

distances from each other and adjacent splices were spaced so that spliced 

bars were as close as the heads would permit. 

3) Capacity increased as head size was increased.  However, the effect that 

head size had on capacity diminished as lap length increased due to 

increased force transfer by bearing of the lugs of the bar on the 

surrounding concrete.  Head size was defined as the ratio of net head area 

to bar area.  An/Ab ratios tested were 1.5 or 11.9 for specimens reinforced 

with #5 bars.  An/Ab ratios ranged from 0.0 to 4.7 for specimens reinforced 
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with #8 bars.  The increase in capacity, due to head size, of specimens 

could be predicted using DeVries’ model for side blowout capacity of 

headed reinforcement (Eq. 4-6) [15].  

4) Head shape did not significantly affect the performance of the lap splices.  

Head shapes tested were square, rectangular, and circular. 

5) Bar spacing did not seem to affect the performance of the lap splice tests.  

However, only one comparison of bar spacing was made.  Bar spacing, 

sbar, was either 6 or 10 inches. 

6) Splice length, Ls, had a large influence on the capacity of the specimens.  

Splice lengths tested were 7 to 7.5 in. for #5 bar specimens and 3 in., 5 in., 

or 8 in. for #8 bar specimens.  The increase in capacity, due to splice 

length, of the specimens could be predicted using a modified version of 

the AASHTO Basic Development Length Equation (Eq. 4-4).  The 

AASHTO Basic Development Length Equation (Eq. 4-3) [3] incorporates 

a resistance factor of approximately 0.85. 

7) The effect that bar size had on the development of headed bar splices was 

inconclusive because three of the four specimens reinforced with #5 bars 

failed by yielding of the reinforcement.  Such failures indicate that the 

splice is fully effective but do not indicate whether a shorter lap length 



would have been equally effective.  The fourth specimen failed after 

splitting cracks formed along an outer edge splice. 

8) The capacity of the specimens could be predicted using a combination of 

DeVries’ side blowout equation and the Modified AASHTO development 

length equation.  The equation for the capacity of headed bar splices is: 

( )( )0.850.04
fL

fA204.7C
A
A

F
'
cs'

cn1
bon

bo +=   (Eq. 5-1) 

F is the force developed by the bar in lbs., C1 is the minimum edge 

distance to the center of the bar in inches, An the net bearing of the head in 

in2, f’c is the concrete compressive strength in psi, Ls is the splice length in 

inches, and the ratio Abo over Abon is the ratio of available failure area for a 

single bar or group of bars to the basic failure area.  Abon equals 36C1, 

which was determined by the Comite Euro-International du Beton (CEB) 

[12] as the average failure surface area of a single bolt near an edge.  For 

lap splices, the available failure area for an interior headed bar would be: 

 bars1bo sL
2
13CA ⎟

⎠
⎞

⎜
⎝
⎛ +=     (Eq. 5-2) 

9) For design purposes, it would be conservative to ignore the contribution of 

development length.  However, some minimum development length 

should be established to avoid splices with very large heads and extremely 

short lap lengths.  Test results showed that the measured capacities of the 
 92
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specimens using only the side blowout model were above the predicted 

capacities of the specimens for all of the specimens reinforced with #8 

bars.  Because of the number of yield failures, capacities were not 

predicted for the specimens with #5 bars. 

5.3 Recommendations for Further Research 

 More tests are needed to determine the required Ls/db to cause yielding of 

the reinforcement for the specimens with #8 bars.  More tests are also needed with 

shorter lap splice lengths of the #5 bars to tell whether the specimens match trends 

observed with the #8 bar specimens and to determine the effects of bar size on the 

headed bar lap splice model.  Tests where the bars are sheathed to destroy bond 

along the bar in the lap zone would be useful for better understanding of the 

contribution by bearing of the head on the concrete.  Tests using confining 

reinforcement will also need to be evaluated. 
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Figure A.1 – Specimen ULS-#8-0X-10S-5 
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Figure A.2 – SpecimenULS-#8-4.7R-10S-5 

 

 

 95



 

 

0
2
4
6
8

10
12
14
16
18
20
22

Lo
ad

, P
 (k

ip
s)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Midspan Deflection (inches)

0
2
4
6
8

10
12
14
16
18
20
22

Lo
ad

, P
 (k

ip
s)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Midspan Deflection (inches)
 

Figure A.3 – Specimen ULS-#8-4.7R-10A-5 
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Figure A.4 – Specimen ULS-#8-4.7R-6S-3 
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Figure A.5 – Specimen ULS-#8-1.2C-10S-5 
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Figure A.6 – Specimen ULS-#8-1.2C-10A-5 
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Figure A.7 – Specimen ULS-#8-1.2C-6S-3 
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Figure A.8  - Specimen ULS-#8-4.7R-6S-5 
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Figure A.9 – Specimen ULS-#8-0X-10S-8 
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Figure A.10 – Specimen ULS-#8-1.2C-10S-8 
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Figure A.11 – Specimen ULS-#8-4.0C-10S-8 

 

 104



 

 

0
2
4
6
8

10
12
14
16
18
20
22
24

Lo
ad

, P
 (k

ip
s)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Midspan Deflection (inches)

0
2
4
6
8

10
12
14
16
18
20
22
24

Lo
ad

, P
 (k

ip
s)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Midspan Deflection (inches)
 

Figure A.12 – Specimen ULS-#8-4.7R-10S-8 
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