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ABSTRACT

EVALUATION OF CONFINED LAP-SPLICE CONNECTION

FOR PRECAST CONSTRUCTION

by

John Joseph Myers, M.S.E.
The University of Texas at Austin, 1994

Supervising Professor: Michael E. Kreger

The need to investigate the use of precast concrete connections is a topic of growing
demand. Currently the majority of precast structures utilize "soft" connections such as bearing
plate or neoprene pad type connections to resist gravity loads only, with wall panel elements to
resist the lateral loads. The development of cost-effective "rigid” (continuous) precast concrete
connections which can resist shear, moment, and axial (gravity) loads will allow for the
elimination of wall panel elements as the primary lateral-force-resisting system in a structure.

Six specimens were tested to study the effect of different variables on the behavior of a
confined lap-splice connection which could be utilized in a precast application. This discussion
presents results of a proposed precast connection through the use of load-deformation and load-
slip responses. An evaluation and recommendation of the connection is presented based on a

strength and serviceability criteria developed within this pilot study.

vi
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CHAPTER 1
INTRODUCTION

1.1 STATEMENT OF PROBLEM

1.1.1 General

Since the early 1960’s, building costs have increased at a considerably faster rate than
industrial products. This is true not only in the United States, but for most industrialized nations.
A major reason for high building costs is the substantial amount of site labor involved in the
construction process. In order to reduce this cost, construction and erection schedules have
generally been shortened. One structural system which was developed to reduce on-site labor
costs and which continues to evolve is precast concrete construction. This construction technique
can reduce the overall cost of a structure by mass producing standardized columns, beams, floor
or roof clements, wall panels etc. in a precast plant. Savings result because standardized structural
elements can be fabricated more efficiently in the precasting yard than on-site, and also because
the tighter tolerances that are possible in the fabrication process combined with the connection
techniques used in the field result in a more efficient erection process which reduces on-site labor
costs. The most common use of precast concrete structures today is precast parking garages and

low to medium-rise office buildings and hotels.

112 Connections

It was mentioned earlier that connection techniques play an important role in precast
concrete construction. Cast-in-place reinforced concrete structural elements by their very nature
are typically joined together by monolithic connections. Two separate members are rarely joined
together in the field by some other construction process. However, it is quite the contrary in the
case of precast construction. Precast structural systems are typically prefabricated members which
are connected on-site to form the finished structure. In both construction methods, connections
can be detailed to transmit gravity forces only, or gravity and horizontal forces in addition to
bending moments (in other words, continuous connections). In the case of precast concrete
structures, continuous connections comparable to monolithic cast-in-place connections can be
achieved by appropriate use of special hardware and reinforcing bars to transmit the tension,

compression, and shear forces at connections. This type of precast connection is typically referred

1
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to as a "hard" connection. In contrast, connections which resist gravity loads only, for instance,
but permit rotations and a limited amount of motion horizontally to relieve time-dependant forces
are often referred to as "soft" connections. Typically a large portion of precast concrete structures
involve the use of "soft" beam-column connections such as bearing plate or neoprene pad
connections, to resist gravity loads, with wall panel elements to resist lateral loads such as wind
or ground motion. Details for "hard" connections, which are also referenced to as "rigid"
connections, already exist and have been catalogued in a Prestressed Concrete Institute report
[15]. Many of these connections are believed to be impractical for today’s construction industry
because they are labor intensive and because there are scheduling problems associated with
different trade organizations that result during fabrication of the connections. There is currently
a federally sponsored research program underway in the United States that is developing ductile,
moment-resisting connections (continuous connections) using some of the existing hardware that
is currently used in "soft" precast connections. With the development of these cost-effective
moment-resisting precast connections, wall panel systems may be eliminated as the primary

lateral-force-resisting system.

12 OBJECTIVE

The study which is described here examines the behavior of lap-splice connections
confined by a steel pipe. Although this is only a "pilot" study to examine the feasibility of such
a connection, the long-range intent of this work, and perhaps additional future tests, is to replace
existing mechanical and grouted bar coupler devices, used for example to splice column bars, with
a simpler, less expensive connector. In order to fulfill this objective , six confined lap-splice
connections were tested. Strength of the connections as well as deformation characteristics of the

connections were used to evaluate connection performance.

13 SCOPE

Background related to splicing of reinforcing bars is presented in Chapter Two. A
description of the testing program, the test sctup, and material properties are described in Chapter
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Three. Results and observations from the six tests are presented in Chapter Four, and the test
results are evaluated in Chapter Five. A summary and conclusions along with recommendations

for further work are presented in Chapter Six.

1.4 PROJECT BACKGROUND

The experimental setup, fabrication, and testing of the confined precast specimens was
conducted by the author under the supervision of Dr. Michael E. Kreger, Associate Professor of
Civil Engineering at The University of Texas at Austin. Funds for test specimens and the testing
frame were provided by The National Science Foundation under grant No. BCR 9122950.



CHAPTER 2
BACKGROUND

2.1 PRECAST STRUCTURES

Due to the high cost of building materials and escalating labor costs, precast concrete
construction has continued to develop rapidly in order to provide a more efficient method of
construction. A number of types of precast members and assemblies have established themselves
in the market place. Though many of these system assemblies and member types are currently
not standardized, they are widely available, with somewhat minor local variations. In addition, the
precast process provides sufficient adaptability for special shapes which may be produced for a
particular project. The repetitive nature of elements utilized in a project allows these units to be
produced economically.

A precast structure may involve the use of column, beam, floor or roof elements, and wall
panels. A brief discussion of typically utilized elements in the precast industry is presented to
familiarize the reader with current "standard" practice. This will help illustrate the need and
advantages of a confined lap-splice connection. Currently four typical types of wall panels are
generally used. These are shown below in Figure 2.1.

Fiat Doubte Tee Ribbed Window or mullion

Figure 2.1 Precast Wall Elements [18]

4
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These units are produced in one to four-story high sections and generally in 8 ft widths. In
addition, a variety of surface finishes can be produced through the use of exposed aggregate or
pigmented cements and admixtures. Stresses in wall panels are quite often more severe during
handling and erection than in the finished erected panel. Naturally, the design of the panels must
consider the effects of these additional handling / erection stresses on the panel. Another major
consideration in panel design, is the control of cracking, primarily for appearance and aesthetics
than for safety reasons.

Roof and floor elements are produced in a wide variety of shapes adapted to specific
conditions, such as span length, magnitude of load, fire rating, appearance, and other additional

factors. Figure 2.2 shows typical examples of common shapes in approximate order of increasing

span length.
4" .'
T :
BE—
{a) Flat slab (&) Hollow plank

Yl 24"-36"

2" foppinqﬂIE S SenEm e
-—qu— 8"

(¢} Double Tee (d) Single Tee

Figure 2.2 Precast Roof and Floor Elements [18]

Floor slabs of precast planks or flat slab units vary both in width and thickness, but
generally do not span more than 20 ft, mainly due to the greater efficiency of other types of roof
or floor elements. For improved insulation properties and lower plank weight (resulting in
increased span potential) hollow precast planks are used. These floor or roof elements may span
up to 30 ft with a 2 in. topping slab.

For longer spans, precast double tees are the most widely used shapes. These shapes are
generally used for roof spans up to 60 feet. When used as a floor element, a concrete topping of
2 inches is usually applied after the structure is erected to tie the floor elements together. For
floors, span lengths of up to 50 ft are generally feasible depending on loading and deflection

requirements. Also, precast single tees are available, but are generally used for roof spans.
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In the use of precast beams, the type of framing system generally determines the shape
of the members. When the roof or floor is supported on the top of a precast beam, most
members are rectangular in shape. Quite frequently beams are flush with the top of slab to
reduce depth of the structure. This requires a ledge bearing type connection. Figure 2.3 illustrates
typical precast beam shapes.

{a) Rectangular beam {5} Ledger beams {c) L -beam (d) AASHTO bridge girder

Figure 2.3 Precast Beams [18]

Finally, precast beams are generally supported by columns using one of two approaches.
The first is used in single-story applications where the beams physically rest on the top ends of
precast columns. It should be noted that the vast number of precast structures have multiple
stories. In fact, the confined lap-splice connection is quite suited for connecting columns together
in multi-story construction. Currently, corbels are used most commonly to provide supports for

precast beams, as depicted in Figure 2.4.

-

{a) (5) (¢}
Figure 2.4 Column Supports for Precast Beams [18]



22 TYPICAL PRECAST CONNECTIONS

Before being introduced to the proposed confined lap-splice connection, it is important
to understand the advantages and disadvantages of current typical precast connections. Typical
cast-in-place reinforced concrete structures are commonly considered by their very nature to be
monolithic and continuous. Connections between members are typically reinforced, cast-in-place
joints. Joining two separate pieces by any other method is rare in this type of construction. On
the other hand, precast structures consist of a large number of prefabricated elements which are
connected together at the site. While "rigid" connections, which usually result in reinforcement
congestion, are somewhat easily detailed in cast-in-place concrete structures (see Figure 2.5),
precast concrete connections are typically more difficult to detail and are more labor intensive and
expensive. Current practice requires a precast frame to "emulate” cast-in-place construction.

Figure 2.6 illustrates an example detailed by PCI [15] to meet such requirements.

A

16 #9 Column Bars

6-#8 Top Beam Bars I

]

I

6-#6 Beam Bottom Bars

Figure 2.5 Typical "Rigid" Reinforced Concrete Beam to Column Connection [10]

Complexity and expense is a contributing factor to the common use for gravity-load
carrying connections, such as beams supported on brackets or corbels, in conjunction with wall

panels to resist lateral forces. Gravity-load connections provide little or no continuity or resistance
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to moment and uplift at the supports. In this research, the behavior of bars spliced / developed
in a steel pipe (hereafter referred to as a "confined lap-splice connection") will be studied. The
intent is that such a detail might be used to tie down the ends of a beam, provide continuity of

beam steel, or splice column bars.

Figure 2.6 Typical "Rigid" Precast Concrete Beam to Column Connection [15]

23 BOND FAILURES IN CONCRETE

Bond is the stress that develops at the interface of two materials, in this case steel and
concrete, to produce composite action. In reinforced concrete structures, forces are generally
transferred to the steel only through the surrounding concrete. The transfer of load or stress from
the concrete to steel is made possible by the shearing stresses along the surface between the
concrete and embedded steel reinforcing bar. The higher the surface shear or resistance to
relative motion or bar slippage under stress, the more effective the interaction between the steel
and concrete. The resistance to slippage is called bond or bond stress. Inherent in the analysis

of a reinforced concrete section is the assumption that the strain in the concrete and the steel is
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equal at the location of the reinforcing steel. This implies a perfect bond between the concrete
and steel.

To ensure proper ductility, the bond between the steel and concrete must be maintained
until the bars develop 125 percent of yield. The ACI Building Code Requirements for Reinforced
Concrete (ACI 318-89) ensures ductility by requiring a development or splice length. The
development length is based on the bond strength.

% - m

Radial Splitting Force = u tan B

Bond Strength u

-« Bearing
Force ‘
AB AT

Figure 2.7 Inclination of Bond Stresses [11]

Two modes of failure are commonly recognized, a splitting failure and a pullout failure.
In both cases it is assumed that the main component of bond is the reaction of the bar
deformations against the surrounding concrete. If the cover and spacing between bars is great
enough, or if enough transverse reinforcement is provided, a splitting failure cannot develop and
either a pullout failure or yielding of the bar will occur. In a pullout failure, the concrete between
bar deformations is sheared from the surrounding concrete (see Figure 2.8). The bond stress for
a pullout failure is primarily dependent on the strength of concrete in direct shear. A pullout

failure is more likely for small bars or large bars where the depth of cover is large or transverse

Figure 2.8 Bond Stresses in Pullout Failure [11]
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reinforcement is provided around the bar. In both splitting and pullout failure modes the

contribution of adhesion to the bond between the bars and concrete is ignored.

e \\\

\\\ e

Smali Cover Small Spacing

Figure 2.9 Splitting Failure [11]
24 PREVIOUS RESEARCH

2.4.1 Proposed Design Recommendation. Due to the special nature of this confined
lap-splice connection, the behavior has not been previously researched. Related research has been
compiled and comprehensive design recommendations including the effect of confinement have
been developed at The University of Texas at Austin. The development length used as a basis
for the confined lap-splice application has been based on "A Reevaluation of Test Data on
Development Length and Splices” published in ACI by C.O. Orangun, J.O. Jirsa, and J.E. Breen.

This work was based on tests preformed in this country and in Europe on the strength
of spliced bars confined by transverse reinforcement. The tests included a wide range of
transverse steel variables including diameter, spacing, and bar strength. For deformed bars in
tension the development length 1; (in inches) shall be computed as the product of the basic
development length given by Equation 2.1, but 1, shall be not less than 12 in.

I = 10 4) 21
L1 +25c/d) + K, 16

where: g = 08
¢ - is taken as the lesser of the clear cover over the bar or

bars or half the clear spacing between adjacent bars (c/d, < 2.5)
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K, = (Af, /600sd) 3 25
multiplied by the applicable factor(s) for :

Grade 40 Reinforcement (0.6)

Grade 75 Reinforcement (1.3)

Top Reinforcement (1.3)

Wide Spacing such that C_ / (Cd,) > 3 (0.9)
Wide Spacing such that C_ / (Cd,) > 6 (0.7)

Excessive Flexural Reinforcement (A, gequmen ) / (A, provien )

The basic design equation developed by Orangun has been verified through successful

application to tests from various sources.

f Y

b,
s2bls ) LS} s

[

if spacing Isuneven s= Ls /no.of transverse ties

i i
| | |
| Failure | Plane
- — gl 1 .
Single Leg Double Leg Spiral
ir=% Ay =23, a4 =2ap

Failure
Plane

2 ap 2ay,
no. of splices = 3
Figure 2.10 Definition of Transverse Reinforcement, a,, Orangun et al. [14]

h,!
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Side Split Failure
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Splitting Before Failure

I

Y

v

s

s

AN AN

At Failure cg>>cp
V-Notch Failure

\s

AtFailurecg > cp
Face-and-Side Split Failure

Figure 2.11 Splitting Bond Failures, Orangun et al. [14]

2.42 Current ACI Code Bond/Development. Current code provisions (ACI 318-89) also

reflect the influence of concrete cover, bar spacing, transverse reinforcement, casting position, and

material strengths on splice requirements. The provisions, which are based on the work by

Orangun et al.,, represent the factors listed above with step functions, rather than a continuous
function. Splice lengths are the product of a bar basic development length 1, and modification

factors to reflect cover, bar spacing, etc.

_0044,f, 0834,

[

b 2

, Where \/-st 100 psi

2.2)



13

In addition, a lower limit is imposed on the computed development length, 1, , to preclude
a pullout failure if sufficient resistance to splitting is provided. The limit, 0.03 d, £, / V7, with
vI’, < 100 psi is the minimum length required to yield a bar that is subject to pullout.
Furthermore, to obtain the splice length, the computed development length, 1, , is multiplied by
a factor 1.0 or 1.3 depending on the percentage of steel to be spliced and the stress to be
developed.



CHAFPTER 3
EXPERIMENTAL PROGRAM

3.1 INTRODUCTION

In this pilot study, six specimens were tested to investigate the behavior of a confined lap-
splice connection in tension for a precast concrete application. Variables studied and the
nomenclature used for test identification are explained. Material properties, specimen

construction, and instrumentation are described along with typical testing procedures.

32 SPECIMEN DESCRIPTION

A schematic of a typical specimen is shown in Figure 3.1. The specimen consists of a
steel duct which provides confinement for the lap-splice and nominal reinforcement according to
Chapter 21 of the ACI 318-89 Building Code [1]. The reinforcement corresponds with nominal
longitudinal and transverse reinforcement which would be provided in a seismic design application.
The length of the specimens vary based on multiples of a calculated lap-splice length which will
be discussed later in this chapter. This configuration is intended to represent an individual lap-
splice which would either in precast concrete columns, beams, or panels. During the construction
process, prefabricated members would be erected and the lap-splice connection grouted with a

flowable grout. In the tests described here, each lap-splice was loaded in tension until failure.

Grouted Lap-Splice

Concrete Specimen

Figure 3.1 Schematic of Typical Specimen

14



33 TEST VARIABLES

The variables studied in this project included :
1) Recinforcement Size
2.) Lap-Splice Length
3.) Confinement (Duct Diameter and Wall Thickness Varied)

Concrete Strength, Nominal Non-Shrink Grout Strength, and Rebar Steel Strength

remained Constant.

3.3.1 Reinforcing Size. Two different reinforcing bar sizes were used in the series of six

tests. The two sizes that were used were #6 and #10. These bar sizes were chosen because they

represent the range of sizes typically used in precast member applications.

3.3.2 Lap-Splice Length. Three different lap-splice lengths were studied for each rebar

size. Lap splice lengths were developed based on the empirical equation developed by Orangun,

Jirsa, and Breen [13] which was discussed in Section 2.4. The equation shown again below,
includes the effects of confinement. Although the confinement offered by the pipe was

substantially greater than what existed in the specimens used to develop Eq. 3.1, this empirical

relationship was used to compute "basic” splice lengths from which the other specimen lengths

were established. Table 3.1 indicates the values that were used for the variables in equation 3.1.

(10200 d,)

I =
L1 +25¢/d) + K, 16

Table 3.1 Variables Used in Eq. 3.1

Gy

. P d, c/d, K. *
Rebar Size € . ..
(psi) (in) (in/in)
#6 6250 0.75 2.00 25
#10 6250 127 1.18 25

* indicates maximum value allowed in Eqgn. 3.1 for confinement.



16

The three lap-splice lengths used for each bar size were as follows :

Rebar Size  Lap-Splice Length
# 10 1) 41" (131, - Factor provided by ACI 318-89 for ltwt. concrete)
2) 32 (1)
3) 24" (075L)
#6 1) 19" (131, - Factor provided by ACI 318-89 for ltwt. concrete)
2) 15" (L)

3) 12" (0751 - 12" minimum was used)
(Lap length were rounded to the nearest whole inch)

333 Confinement (Duct Size / Wall Thickness). The lap-splice confinement was
provided by standard structural steel pipe. Steel pipe was chosen because it is readily available
and is inexpensive compared with commercial splice devices. In addition, the standard pipe
provides more than enough wall thickness to provide adequate confinement. Current corrugated
steel ducts may not have adequate wall thicknesses to provide the confinement needed in splicing
bars. Furthermore, a greater selection of steel pipe sizes were available than exist for corrugated
duct,

Pipe diameter was selected based on two criteria : (1) the width of the lap-splice bars
(2d,) had to fit inside the pipe, and (2) the area of the lap-spliced bars should not exceed 50%
of the inside area of the pipe. The latter criterion was adopted from grouted recommendations
for tendons published in the Post-Tensioning Manual [15]. Final duct sizes and quantities are
listed in Table 3.2. Note that for this particular application, the two criteria yicld the same
required pipe size. The wall thickness for the pipes chosen were as follows :

1-1/2" Nominal Standard Pipe = 0.145 in.
3" Nominal Standard Pipe 0.216 in.

Table 3.2 Determination of Required Duct Size

. Nominal Pipe
Min. Area . Duct Area
Rebar Size | @ | Ay | poceqonzg | 4A» | Diameter Provided
(i) | (in%) (in) (in) -
(in%) (in%)
#6 0.75 | 044 1.77 1.76 1.5 2.04
# 10 127 | 127 5.07 5.08 3.0 739
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33.4 Non-Shrink Grout Strength. The non-shrink grout utilized in the study was a
mid-range strength grout manufactured by COREMIX with the trade name Supreme Plus. This
particular premixed non-shrink grout was chosen based on it’s rated compressive strength and
history of use in post-tensioning applications. The grout strength and grouting procedure are

described later in Section 3.5.2.

335 Concrete. A concrete mix design of 4000psi minimum required compressive
strength was selected because it was anticipated that the steel pipe would dominate the behavior
of the splice. Higher strength concrete may have enhanced the stiffness of the pipe surrounding

the splice by some nominal amount.
33.6 Loading. A monotonic loading was applied to the lap-splice connection to establish

its performance in tension. Future tests may include cyclic loading to further evaluate the

suitability of this type of connection for use in seismic applications.

3.4 SPECIMEN DESIGNATION

Each specimen has been identified as shown in Figure 3.2 using the following symbols :
1) a number identifying the bar size tested in the lap-splice, and 2.) a number (in inches)

referring to the splice length.
Rebar Size Splice Length (in) Specimen Designation

10 41 1041

32 1032

24 1024

6 19 619

15 615

12 612

Figure 3.2 Test Designation Key
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3.5 MATERIALS

3.5.1 Concrete. A single casting application was performed to create the basic concrete
blocks for the six specimens. Mix proportions and average cylinders strengths at three dates are
given in Tables 3.3 and 3.4.

Table 3.3 Concrete Mix Design Proportions

Mix Quantities (pounds per cubic yard
Components Q ! (ég /24 /935 yard)
Cement 1390
Coarse Aggregate (3/8") 4380
Fine Aggregate (sand) 5340
Water 530
Pozz. R. 61

Table 3.4 Concrete Mix Design Compressive Strengths

Day of Cylinder Test Compreszli):;:)Strength
7-day Strength 4000
14-day Strength 4290
28-day Strength 4740
Strength @ Testing 4860

352 Non-Shrink Grout. The grout used in the confined lap-splice duct was a
premixed non-shrink grout manufactured by COREMIX with the trade name Supreme Plus
meeting the specifications of ASTM C1107. A total of fifteen 2"x2"x2" grout cubes were cast
during the grouting process to determine the compressive strength of the grout both at 28 days
and at the time of testing. Grouting of the specimens was accomplished using two mixes. One
mix, from which nine test cubes were cast, was used in grouting the #6 bar splices. A second mix,

from which six test cubes were cast, was used in the #10 bar splices.
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Grout compressive strength at 28 days and at the time of testing for specimen 612 is
shown in Table 3.5, and was computed as the arithmetic average of three 2'x2'x2" test cubes.
Grout was poured into one end of each specimen while a thin rod was used to consolidate the
material. Bar alignment was maintained throughout the casting and curing procedure. It is

anticipated that grout ports would be used in actual precast construction to grout the connection.

Table 3.5 Non-Shrink Grout Compressive Strengths

Grout Strength Grout Strength Age of Grout
Test Identification 28 day 42 day at Testing
(psi) (psi) (days)
612 7250 8180 42
615 7250 8180 57
619 7250 8180 60
1024 6110 6490 62
1032 6110 6490 64
1041 6110 6490 67

e - - &

Figure 3.3 Reinforcing Bar Deformation Patterns
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3.5.3 Reinforcement. Two Reinforcing bar sizes were utilized in the lap-splice specimens.
Both the #6 rebar and #10 rebar were specified with a nominal yield stress of 60ksi. The bar
deformation pattern of both rebars is illustrated in Figure 3.3. An 18" long sample of each rebar
was used as a tensile coupon. The stress-strain curve obtained for each rebar (#6 and #10) is

shown in Figure 3.4. Yield and ultimate occurred at 63.7 and 101.4 ksi for the #6 bar and 65 and
103 ksi for the #10 bar.

Stress Stress

u
Oy

0,=101.4 ksi
o, 63.7ksi

Strain

a.) #6 Rebar

6, 103.0 ksi
@, = 65.0ksi

Strain

b) #10 Rebar

Figure 3.4 Rebar Yield and Ultimate Stresses

3.6 CONSTRUCTION OF THE SPECIMENS

3.6.1 Specimen Construction. Specimen cross sections measured 8-7/8" x 10" for the
specimens with #6 rebars and 11-1/2" x 10" for specimens with #10 rebars. Rather than casting
a full size column or beam member, specimens were detailed as a single bar test with minimum
code cover on one face as would be the case in a column face bar or beam bar. Specimen

reinforcement details are illustrated in Figure 3.5.

- " Y, » "
_7i1 1/4" Clear _"7K1 1/4" Clear
10" k—— Transverse Reinf, 10" «——— Transverse Reinf.
#4 @ 4"o.c. #4 @ 4"o.c.
k— Longitudinal Reinf «—— Longitudinal Reinf

8-7/8" l 4 - #4 Continuous 11-172" 4 - #4 Continuous

a) #6 Rebar b.) #10 Rebar

Figure 3.5 Specimen Dimensions and Reinforcement
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Forms were constructed with 3/4" form plywood, 2x4’s, and 2x6’s. Forms were held together with
lag screws and 3/8" threaded bolts. Lifting inserts were embedded at both ends and on top in
cach specimen to facilitate handling and installation of the specimens into the test frame (see

Figure 3.6). Forms were oiled prior to placement of steel reinforcing cages and steel ducts.

362 Longitudinal and Transverse Reinforcement. Specimen reinforcing details for
longitudinal and transverse steel were based on Chapter 21 of the ACI 318-89 Building Code [1]
for reinforced concrete requirements in seismic locations. Figure 3.5 details the typical transverse

and longjtudinal reinforcement based on ACI. Complete formwork is shown in Figure 3.7.

Figure 3.6 Completed Formwork with Inserts

3.6.3 Casting of Specimens. The six specimens were cast on Sept. 24, 1993. Specimen
concrete was placed in the formwork both by hand (see Figure 3.9) and with the use of an
overhead bucket. Concrete was placed and vibrated in specimens in two layers, then specimens
were screeded and finished (see Figure 3.8). Finally, wet burlap and plastic was placed over the
specimens during curing. After four days, specimens were removed from the formwork and were

prepared for grouting.



Figure 3.8

Completed Casting of Specimens

22




Figure 3.9 Placement of Concrete in Formwork
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3.6.4 Non-Shrink Grout Application. Non-shrink grout was prepared as recommended

by the manufacturer. Two separate mixes were prepared to grout the six specimens.

Figure 3.10 Grout Mix Set-up

Manufacturer recommendations specified 1-1/4 gallons to 1-1/2 gallons of water per 55 Ib bag
of grout based on desired flowability. Mix A, which was used to grout the #6 rebar lap splice
specimens, was mixed with 1-1/4 gallons of water per 55 1b bag of grout. Mix B contained 1-1/2
gallons of water per 55 1b bag of grout and was used to grout the #10 rebar lap splice specimens.
Grout was mixed using a paddle-type mortar mixer (see Figure 3.11). Grout was then poured in
the duct while in a flowable state (see Figure 3.12). Prior to grouting, specimens were placed in
a vertical position to assure alignment of the rebar, as well as, complete grouting of the duct. In
addition, a small bar was used to vertically rod the grout to ensure consolidation of the grout (see
Figure 3.13). The non-shrink flowable grout was placed with the specimen in an exterior open-air
location. The outdoor ambient temperature varied between 55 degrees F at night to 75 degrees
F during the day. Specimens were allowed to cure outside for a minimum of 36 hours then were
moved inside the testing laboratory where they were allowed to cure in a horizontal position for

a minimum of 28 days before testing.



Figure 3.11 Paddle Mixing of Non-Shrink Grout



Figure 3.12 Flowable Non-Shrink Grout Placement In Specimen
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R

Figure 3.13 Rodding of Non-Shrink Grout



3.7 TEST FRAME

The test frame illustrated in Figures 3.13 through 3.15 was designed to provide sufficient
capacity to ensure loading of the steel element in tension parallel to the interface plane. The
frame was fabricated from four W21x57 steel beams with 3/8" stiffners, four S6x12.5 with cap
plates, and 1/2" plates. Four C8x11.5 channels were used to tie the steel frame together. A
C6x10.5 channel and two 1" dia. rods were used to vertically restrain the dead end of the
specimen. "Dead end" refers to the end of the specimen opposite the end where load is actively
applied. The channel and rods coupled with a wooden pedestal under the loaded end of the
specimen were used to counteract the tendency of the specimen to specimen to rotate which was
caused by the eccentricity of the two bars when load was applied. Teflon pads / sheets were
placed between the specimen and these restraint locations to allow the concrete block to slide in
the direction of loading.

C6x10.5
Specimen |

1" Dia. Rod—
S6x12.5 + 1/2" ]
Cap Plates (typ) | + 3/4" A325N Bolts (typical)
C8x11.5 Compression/Tension Stru\—/

Figure 3.14 Plan View of the Test Frame



29

=1
[+
g
o)
W
B
[72]
=
5
oy
»
-
73
72}
-
3
i
@
=
L]
S
5
>
=]
£
5
wn
-

igure 3

F

ST

RTEAME

POWE

Figure 3.16 Side View of Specimen in Frame



31

useful in visibly determining any bar slippage. Analytically, bar slip was easily verified once bar
deformations were subtracted from the dial gage readings.

3.9 INSTRUMENTATION AND DATA ACQUISITIiON

3.9.1 Measurement of Displacements. Bar deformations were measured with a dial
gauge located at each end of the specimen (see Figure 3.18). Dial gages were attached to the
rebars and bore against a piece of glass which was attached to the concrete specimen with silicon.
The glass provided a consistent surface to measure against on the specimen. Dial gages were

accurate to 1/10,000 of an inch.

Figure 3.18 Dial Gage Measurement Set-Up

3.92 Data Acquisition. The applied load-deformation relationship was continuously
monitored using the load cell and dial gages for bar deformations. Load-deformation results were
recorded every 1 or 2 kips based on the specimen rebar size. Load-deformation responses were

plotted with the use of a spreadsheet program.



CHAPTER 4
PRESENTATION OF EXPERIMENTAL RESULTS

4.1 INTRODUCTION

Results of the confined lap-splice tests are presented in this chapter. Observations from

the tests and comparisons between selected responses are presented. Data is presented

graphically in the form of load-deformation plots.

42 LOAD HISTORY

Specimens were loaded in 1 kip increments for the #6 rebar tests and 2 kip increments
for the #10 rebar tests. Loading of the specimens was continued until severe bar slippage
occurred or a stress of 1.25 f, (based on actual yicld) or greater was reached. Loading was not
continued substantially beyond 1.25 £, because the capacity of the steel wedges used to grip the
bars was not well known, and because commercial mechanical bar splice devices are only required

to develop 1.25 £, (based on nominal yield).

Test progress was monitored using a load cell and strain indicator to determine applied
load, and a dial gage at each end of the specimen was used to determine bar deformations (bar
slip and bar deformation) relative to the ends of the duct. Some error in bar deformation may
have occurred at high loads due to the manner in which the dial gages were attached to the
reinforcing bars. The clamps used to attach the dial gages tended to loosen (due to poisson’s
effect) at high stresses in the bar. This was continnously monitored and clamps were tightened
periodically to minimize slip of the gages.

32
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43 CONNECTION CAPABILITIES

The maximum load applied to each specimen is listed in Table 4.1, along with the

maximum bar deformations measured at the specimen ends. None of the specimens failed as the

result of excessive bar slip.

Table 4.1 Summary of Load-Response Data

Maximum Load Maximum Bar Deformation
Test Identification Applied Live End Dead End
(kips) (inches)
612 370 0.222 0.169
615 37.0 0.157 0.141
619 37.0 0.140 0.139
1024 106.0 * 0.379
1032 106.0 0.234 0.245
1041 106.0 0.216 0.209

* . A single deformation reading is shown due to a dial gage malfunction.

4.4 LOAD VERSUS DEFORMATION RESPONSE

Load versus deformation responses for this series of tests are presented in Sections 4.4.1
and 4.42. All specimens exhibited a load-deformation response representative of a standard
coupon test for rebar tested in air. In other words, it appeared minimal bar slippage occurred
during loading. Confinement provided by the duct appeared to significantly decrease the required
splice length of the reinforcing bars. This will be illustrated and discussed at greater length in the
Chapter 5.

4.4.1 Response of Confined Lap-Splice Specimens with #6 Reinforcing Bars. Three

specimens were tested monotonically in tension with lap-splice lengths of 12, 15, and 19 inches.
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Tables A.1 through A3 list the load-deformation response data for each test. The load-
deformation response for both the "live end" and "dead end" are presented in Figures 4.1 and 4.2.
Measured response of specimen 619 is presented in Figure 4.3 to demonstrate that the behavior

of the two ends was comparable.

44.1.1 Specimen 612. The 12" lap-splice was tested prior to placement of the steel
channel that was added to prevent vertical rotation of the specimen. During testing of the
specimen, a slight rotation due to the eccentricity of the spliced bars was noted. It appeared that
the rotation did not affect the measured deformation readings as represented in the load-
deformation responses (Figures 4.1, and 4.2) at levels of loading below yielding of the
reinforcement. However, at loadings above yielding of the reinforcement, the rotation appeared
to effect the load-deformation response of the reinforcing at the dead end. Since specimen 612
had the smallest moment arm and rotation was not restricted, the couple forces caused by the bar
eccentricities produced a bending or kinking in the exposed dead end rebar between the face of
the specimen and the wedges. It was felt this bending restricted bar-slippage at high loads since
the exposed rebar was influenced by a vertical couple force. Load-deformation response for this
specimen was less stiff than for the other two specimens containing #6 bars, and the behavior was

qualitatively comparable to the shortest lap-splice specimen containing #10 bars.

4.4.12 Specimen 615. Due to the slight rotation during the testing of specimen 612 a
C6 channel section was placed above the dead end of the specimen to restrict any rotation in the
vertical plane. In addition, teflon sheets were placed between the channel and specimen and the
specimen and base support at the live end to facilitate horizontal movement in the direction of
loading (see Figure 4.4) for the testing of all remaining specimens. The testing of specimen 615

was preformed without any noticeable problems or inconsistencies.
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Figure 4.4 Test Frame with Teflon Pads for Unrestrained Horizontal Movement

4.42 Response of Confined Lap-Splice Specimens with #10 Bar Reinforcing. Three
specimens were tested monotonically in tension with lap lengths of 24, 32, and 41 inches. Tables
A4 through A.6 detail the load-response data of each test. In addition, the load-deformation
response of both the live end and dead end are presented in Figures 4.6 and 4.7. A comparison

of the load-deformation response is presented in Figure 4.8.

4.42.1 Testing of Specimen 1024. Testing of specimen 1024 was performed with one
noticeable problem and a subsequent inconsistency. During the test, the dial gage at the live end
malfunctioned. For this reason no load-deformation response is presented in Figure 4.8. In
addition, the load-deformation response at the dead end appears to be questionable due to the
exhibited loss in stiffness followed by an increase in stiffness. Figure 5.3 depicts a modified 24"

lap-splice which is believed to be a better representation of the load-deformation response.
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CHAPTER 5
EVALUATION OF RESULTS

5.1 INTRODUCTION

Load-deformation response curves obtained in this study are compared and provisions

published in the ACI Building Code [1] and by Orangun, Jirsa, and Breen [14] for bar splices in
tension are examined in light of the experimental results. In addition, bar deformations at service-
level loads in the tests are related to crack widths in members and are compared with

recommended crack width limits to judge the performance of the test specimens.

52 REFLECTION ON EXISTING SPLICE PROVISIONS

The splice lengths for all test specimens in this study were based on a multiplier less than
or equal to unity times a basic development length recommended by Orangun, Jirsa, and Breen.
Since the ducts which contained the spliced bars were filled with a cement grout, a 1.3 factor was
applied to the basic development length. Furthermore, the strength reduction factor, phi, of 0.8
was included to effectively account for a stress level in the steel of 1.25f, instead of f,. The term
which is related to confinement, K,, was taken as the maximum value suggested by Orangun et
al. (2.1). The quantities computed using Equation 5.1 are tabulated in Table 5.1 also included the
measured grout compressive strengths (listed in Table 3.5) and included the actual yield strengths
of the #6 and #10 bars (63.7 and 65ksi, respectively) by substituting 10,830 and 10,980 for 10,200

in the numerator of Equation 5.1.

i (10200 d;)
L1+ 250d) + K, 10

3 Jor f, = 60 ksi (1)

In addition, splice lengths were computed using the basic development length equation
given by ACI 318-89. The basic development length was multiplied by a 1.3 factor (for ltwt.
concrete), and the yield strength of the steel was replaced by the actual yield strength from the

43
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coupon tests. The resulting calculated splice lengths for #6 and #10 bars are also included in
Table 5.1

A125f)
rd, 51! Id,)

I = = 0.04 4, f, [ il (#11 and smaller) (52)

In Chapter Four it was reported that all six specimens were capable of developing
1.25f, ¢enuary» and large deformations which were intended to accompany the 1.25f, stress. The
minimum lap-splice lengths used in the tests for both the #6 and #10 bars are listed in Table 5.1.
It is interesting (and not surprising) that the computed lap-splice lengths exceeded the minimum
lengths which successfully developed 1.25f ..., by 58 and 97% for the #6 and #10 bars when the
lap length computed by the Orangun equation, and by 35 and 122% when the lap was computed
using ACI 318-89. Considering the substantial amount of steel that envelopes each splice in this
test series, it seems obvious that confinement plays a tremendous role in reducing the lap length
required to develop 1.25f,. Even though the Orangun equation explicitly considers the effects of
confinement, the maximum value for the confinement term, K, recommended by Orangun et al.
is based on tests with confinement levels that do not approach what was offered by the pipes used
in these tests. It is interesting to note that if K, is computed without limit for the pipes used in
these tests, the resulting splice lengths for the #6 and #10 bars (including the 1.3 factor for ltwt.
concrete) are 3.3 and 7.4 inches, respectively. The fact that these are substantially shorter than
the lengths actually tested suggests that Equation 5.1 is indeed not suited for calculating the
lengths of these highly confined lap-splices, and also suggests that further testing with a much

Table 5.1 Comparison of Computed Lap-Splice Lengths with Minimum Test Lengths

Orangun et al. ACI 318-89 Specimen Test
Reinforcing Size (illlfh:;’s) ( iil'c?h::s) I(alfll;]gltel;;
#6 19.0 162 12.0
# 10 472 533 24.0

* - Minimum splice length tested.
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expanded set of variables should be conducted to develop a splice equation for highly-confined

bars.

53 COMPARISONS BETWEEN LOAD-DEFORMATION RESPONSES

Before making comparisons between the #6 and #10 bar specimen responses, elastic
deformations that occurred between each end of the concrete, block, and the point where the dial
gage was mounted on the reinforcing bar were subtracted from the measured response. The
modified load-deformation responses (average between live and dead ends) up to yield are
presented in Figures 5.2 and 5.3. Comparisons between the elastic stiffness of load-deformation
responses indicates that two of the three #6 lap-splice specimens had a higher stiffness than the
companion #10 specimens.

There are three possible reasons that specimen stiffnesses would be higher for the #6
specimens: grout compressive strength, bar surface area to volume ratios, and lug layout and
spacing. Grout Mix A which was used in the #6 rebar specimens had a reduced water / mix
proportion ratio compared with Mix B and yielded a higher compressive strength of 8180 psi
versus 6480 psi for Mix B. Assuming the bond strength to be a function of +/f7, , and all other
factors to be equal, the compressive strength difference would require approximately a 12%
increase in the development length for the #10 rebar specimens. Although these strength
differences agree with the trends noted above, a 12% variation would likely be lost in the scatter
associated with this type of test data.

The #6 rebar specimens have a greater surface area-to-volume ratio than the #10 rebar
specimens (5.33L vs. 3.15L). As a result, the #6 rebar specimens can develop a given level of bar
stress while experiencing lower average bond stresses than will be experienced by the #10 bars.
In both analytical and laboratory research preformed at the University of California at Berkeley
[9], a 21% increase in maximum bond resistance was observed when bar size was decreased from
a #10 to #6.

Pattern and spacing of lngs on deformed rebars influences bond characteristics [9]. As
displayed in Figure 3.3, the lug pattern and spacing for the #10 bar was a crescent pattern spaced
on center at 13/16 in. compared to a horizontal lug pattern at 1/2 in. spacing for the #6 bar. The

influence of the deformation pattern can best be described by the so called "related rib area", a5
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[9], which is the ratio of the bearing area (area of the lugs perpendicular to the bar axis) to the

shearing area (perimeter times lug spacing).

_ kF sinp (53)

o
SR nd,c

where : k = number of transverse lugs around perimeter
F, = area of one transverse lug
sin 8 = angle between lug and longitudinal axis of bar
c = center-to-center spacing between transverse lugs

1t should be noted from Equation 5.3 that increased spacing between lugs and reduction
in the angle between the lug and longitudinal axis of the bar reduces the "related rib area" and
thus bond strength. Therefore Equation 5.3 applied to the lug pattern and spacing for the bars
used in this study indicate better bond behavior for the #6 bar than for the #10 bar. As an
additional note, reinforcing bars used in the United States have a,; values ranging from 0.05 to
0.08. The o, values for the #6 and #10 bars were 0.073 and 0.056.

5.4 SERVICEABILITY CONCERNS

Although all six specimens tested were able to develop more than 1.25 times the actual
yield strength of the bars, this type of connection will not be acceptable if "large" cracks develop
at either end of the lap-splice connection. In order to assess the serviceability of the six
connections tested, an allowable crack width at a level of bar stress associated with service-level
loads was needed. The discussion which follows identifies and rationalizes such a limit. Gerglely
and Lutz suggested an allowable maximum crack widths as noted in Table 5.2. The ACI 318-89
provisions for crack control are based on research conducted at Cornell University which involved
statistical analysis of a large amount of crack-width data [18]. Gerglely and Lutz proposed

Equation 5.4 for predicting the maximum width of crack at the tension face of a beam.
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Table 5.2 Recommended Tolerable Crack Widths For Reinforced Concrete

Tolerable Crack Width
Exposure Condition (inches) (mm)
Dry Air or Protective Membrane 0.016 0.41
Humidity, Moist Air, Soil 0.012 0.30
Deicing Chemicals 0.007 0.18
Seawater and Seawater Spray 0.006 0.15
Water-Retaining Structures 0.004 0.10
w = 0076 p f, 3,/d A (54
where : w = max. width of crack (thousands of an inch)
1 = steel stress at service load or 0.60f, (ksi)
d, =thickness of concrete cover measured from tension face to
center of bar closest to that face (inches)
B = ratio of distances from tension face and from steel centroid
to neutral axis, equal to h, / h,
A = concrete area surrounding one bar, equal to the total effective

tension area of concrete surrounding reinforcement and having
same centroid, divided by the number of bars (in?)

Current provisions in ACI 318-89 utilize a § = 1.2 to simplify and reformat Equation 5.4 into

Equation 5.5. In this form, allowable crack widths, w, are now represented by the parameter z.

- = _Y_ .
A Y ©3)

Control of maximum crack width is done by proportioning longitudinal reinforcement so that the
parameter z is kept below 175 for interior exposure and 145 for exterior exposure. These limits
correspond with maximum crack widths of 0.016 and 0.013in., respectively.

While these limits have been developed for flexural members, a correlation with
reinforcing bars in direct tension may be drawn from research performed at the University of

California at Berkeley during the mid 1980’s. The work preformed by Eligehausen [9], studied
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bond-slip behavior of individual bars under monotonic and cycled loadings. Under monotonic
loading the results indicated that the crack width formed by the lugs most nearly equaled the bar-
slip up to the point where shear cracks formed following crushing of the concrete. This is
illustrated in Figure 5.1.

i Y 4 ¥ v ot ¥ ¥ &]
CONCRETEr—

BOND GAP g5

(c) :

Figure 5.1 Mechanism of Bond Resistance Under Monotonic Loading [9]



49

It should be noted that the load-deformation responses (Figures 5.2 and 5.3) were similar
to the bar-slip responses reported by Eligehausen, with the exception that the resistance of the
confined lap-splice responses did not drop off, as a result of the substantial confinement provided.

In order to be consistent with crack width serviceability provisions currently in ACI
Building Code, specimen deformations (bar-slip) at a bar stress equal to 0.6f, (. Were compared
with an allowable crack width of 0.016 inches. Both of these limits are shown on the modified

load-deformation responses presented in Figures 5.2 and 5.3.

54.1 Serviceability of #6 Reinforcing Bar Splices. Examination of the modified load-
deformation responses for the #6 lap-splice specimens indicates that all three specimens deformed
less than the 0.016in. Timit at a load corresponding with a stress of 0.60f,. However, it is quite
clear that the behavior of the specimens with 15 and 19in. lap-lengths was far superior to that
measured for the 12in. lap-length. Deformation of the 12in. specimen was approximately three
times the deformation of the 15in. specimen. Behavior of the 15 and 19in. lap lengths was nearly
identical up to the load corresponding with 60% of yield.

30 7 Yield Load = 28.1 kips
I s S T kT
25 S = e .
— o &
220 & =% 60% Yield Load = 169 kips
& B Y i A---- 12" Lap-Splice
- 197 & &
8 c N & =+=-T}--=- 15" Lap-Splice
S0l « P
'3".‘ --------- ¢~ 19" Lap-Splice
5 ? ~—— Crack Width Limit = 0.016 in.
o ; ; ; ; . - ; : |
0 5 10 15 20 25 30 35 40 45

Deformation - (inch x 10 -3)

Figure 52 Modified Load-Deformation Response, #6 Rebar

542 Serviceability of #10 Reinforcing Bar Splices. Examination of the modified load-
deformation responses for the #10 lap-splice specimens indicates that only the 32 and 4lin,
specimens exhibited deformations (bar-slip) less than the 0.016in. limit at 60% of the yield load.
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The deformation (actual) for the 24in. lap-splice exceeded the allowable deformation by nearly

a factor of three.

%07 o ___ XedLod-825ks
801 T i 2 e T ke kT
70 | ¢ e S
TI? 1 e _k-—k" e " :
:E.. gg e sk 60% Yield Load = 495 kips 24" Lap-Splice (Expected)
Iy 1 T --=-A---- 24" Lap-Splice (Actual)
- 40 f"
S 30 --=-0--= 32" Lap-Splice
20 5f *M‘} ________ o
10 «@— Crack Width Limit = 0.016 in. 41" Lap-Splice
O + + + t t t ¥ ?
0 20 40 60 80 100 120 140 160

Deformation - (inch x 10 -3)

Figure 53 Modified Load-Deformation Response, #10 Rebar

Table 53 Summary of Connection Evaluation

Lap Solce Lengh *Monotonic
Loading
12" Lap-Splice - #6 Rebar Yes
15" Lap-Splice - #6 Rebar Yes
19" Lap-Splice - #6 Rebar Yes
24" Lap-Splice - #10 Rebar No*
32" Lap-Splice - #10 Rebar Yes
41" Lap-Splice - #10 Rebar Yes

Bold letters indicates shortest acceptable lap-splice tested
which meets the strength and serviceability criteria presented

in this thesis.

* . Lap-splice load-deformation response questionable. The
lap-splice may meet the strength and serviceability criteria

presented in this thesis.
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5.5 DESIGN AND RESEARCH IMPLICATIONS

Confinement in the form of a standard steel pipe significantly improved not only the
strength characteristics of the lap-splice connection, but also the "elastic stiffness" and apparent
toughness-of the lap-ép]ices tested.  From-a design standpoint, the current ACI 318-89 Building
Code provisions and design recommendations by Orangun et al. overestimate the required lap-
splice lengths by a minimum value of 35 and 589, respectively. In order to develop an accurate
understanding of how much confinement (diameter and wall thickness), rebar size, and grout
strength affect connection behavior, a much more exhaustive testing program must be performed.
The research documented in this paper details two very specific confinement and rebar size
examples. The very limited test program does indicate that steel pipes, or perhaps a thin-wall

duct, can be used effectively to splice longitudinal reinforcement in precast elements.



CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 SUMMARY

A modest experimental program was implemented to evaluate the feasibility of a grouted
lap-splice connection confined by a steel pipe. It was hypothesized that the confinement provided
by the pipe would substantially shorten the lap length necessary to develop 1.25f, in the bars. The

long-term objective of this investigation and further work that should follow is to develop
| provisions for a confined lap-splice connection that will provide much more economical
connections for use in the precast industry compared with some of the more expensive grouted
and mechanical connections now in use.

The series of six tests was composed of three splice specimens containing #6 bars and
three specimens containing #10 bars. Pipes used to confine the splices were not varied in each
group of three specimens, and grout strengths in the splice connections were intended to be the
same. The only variable considered in each group of specimens was the length of the lap-splice.
For each group, the lap lengths were based on a fraction of the required splice length computed
using empirical provisions developed by Orangun, Jirsa, and Breen [14]. The confined lap-splices,
which were embedded in concrete blocks, were tested monotonically in tension. Behavior of the
specimens was judged largely from load-deformation (slip) responses measured at each end (the
applied load and anchored end) of the specimens. Specimen strengths and stiffnesses were

compared, and serviceability of the splice connections was also developed.

6.2 CONCLUSIONS

From the results of this experimental study, the following observations were made for the

confined lap-splice connections:

1.) All specimens developed more than 1.25f, ., in the bars, and resistance continued to
increase up to the point when each test was terminated. None of the specimens failed during

testing.

52
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2) The steel pipe used to confine the lap-splice connections apparently reduced the lap
length required to develop 1.25f, tension in the bars because all specimens were shorter than the
lap length computed using Orangun’s equation or current ACI 318-89 provisions (and all
developed more than 1.25f).

3) Load-deformation plots for the tests indicated that the #6 bar splices were generally
stiffer in the "elastic" range than the #10 bar connections. This was believed to be due to a higher
f ., a higher surface area-to-volume ratio for the #6 bars, and a closer rib spacing and more

favorable rib orientation also for the #6 bars.

4) A deformation limit of 0.016in. at a stress of 0.6f, based on research conducted by
Gergeley and Lutz [18], was imposed on the specimens to effectively limit the crack width that
would most likely form at the end(s) of the splice (and pipe). All but the shortest #10 bar splice
satisfied this serviceability requirement. However, even though the shortest (12in.) #6 splice
satisfied this check, the additional three inches used in the next longest (15in.) #6 splice reduced

bar deformations by 32 percent.

5) Load-deformation (bar-slip) responses for the two specimens in each group that exhibited

the best behavior were nearly linear up to yield.

63 FURTHER RESEARCH NEEDS

The following is a recommended list of further research needs :

1) Shorter splice lengths should be investigated. (Each specimen tested in this program
attained more than 1.25f, without failing.)

2) Wall thickness of the confining duct should be reduced. Perhaps a post-tensioning duct
which is substantially lighter and less expensive could be used.
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3) Grout compressive strength should be varied to investigate the influence of much higher

or much lower strength (and more economical) grout on strength and bond-slip response.

4) A limited number of different bar sizes should be investigated.

5) All future test specimens should have a slip wire attached to the free end of each bar to
better monitor slip of the bars. Some use of strain gages on bars may also be advantageous to

more closely monitor the bar strain,

6.) Some specimens should be subjected to a cyclic load history to investigate the utility of

confined lap-splice connections for the use in design of precast seismic resistant buildings.
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Table A.1 Load-Deformation Response Data - #6 Bar - 12" Lap Length

56

sl Load | P DR et
(inch x 10%) (inch x 10 ?)
1 0.0 0.0
2 0.0 1.0
3 1.0 1.5
4 20 2.0
5 3.0 3.0
6 4.0 3.5
7 5.0 4.0
8 55 5.0
9 7.0 3.5
10 8.0 6.0
11 9.5 7.0
12 10.5 8.0
13 11.5 9.0
14 12.5 10.0
15 13.5 115
16 14.0 13.0
17 15.0 15.0
18 18.0 16.5
19 20.5 19.0
20 23.0 21.0
21 26.5 235
2 29.5 26.0
23 34.0 290
24 | 38.0 31.5




Table A.1 cont.

57

Appg:‘.id Load Difi‘:::ml;:ic;) " Dlg?ar:in Etxign Comments
ps) (inch x 107) (inch x 10 %)

25 430 340

2% 485 380

27 535 410

28 55.0 470 Yield = 281 k

29 1230 615

30 1330 69.0

31 1410 740

3 1510 80.0

33 1610 84.0

34 1740 95.5

35 1905 1350 125 Yield = 351 k

36 206.0 145.0

37 225 169.0 132 Yield




Table A2 Load-Deformation Response Data - #6 Bar - 15" Lap Length
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Applied Load Detiormation Deformation
(kips) .lee Em?3 Pead Enc_l3 Comments
(inch x 10 %) (inch x 10 ?)
1 0.0 0.0
2 0.0 0.5
3 0.0 1.0
4 0.5 15
5 1.0 2.0
6 15 2.5
7 2.0 3.0
8 2.5 3.5
9 3.0 4.0
10 3.5 4.5
11 4.0 5.0
12 5.0 55
13 6.0 6.0
14 6.5 6.5
15 7.0 7.0
16 8.0 7.5
17 9.0 8.0
18 9.5 8.5
19 10.0 9.0
20 11.5 10.0
21 12.5 11.5
22 140 13.0
23 15.0 15.0
24 17.0 17.0




Table A2 cont.
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Applied Load Def_ormation Deformation
. Live End Dead End Comments
(kips) (inch x 10) (inch x 10 )
25 18.0 19.0
26 20.0 22.0
27 23.0 25.5
28 39.0 28.0 Yield = 28.1 k
29 47.0 50.5
30 50.0 58.0
31 58.0 68.0
32 77.0 77.0
33 92.0 85.0
34 111.0 97.5
35 133.0 111.0 1.25 Yield = 35.1 k
36 143.0 125.0
37 157.0 141.0 1.32 Yield




Table A3 Load-Deformation Response Data - #6 Bar - 19" Lap Length
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Applied Load Det:ormation Deformation
(kips) .lee En(%3 Pead Enc_l3 Comments
(inch x 10 %) (inch x 10 )
1 0.0 0.0
2 0.0 0.5
3 1.0 1.0
4 1.5 15
5 2.0 2.0
6 2.5 2.5
7 3.0 3.0
8 3.5 3.5
9 4.0 4.0
10 4.5 4.5
11 5.0 5.0
12 55 55
13 6.0 6.0
14 6.5 6.5
15 7.0 7.0
16 7.5 7.5
17 8.0 8.0
18 8.75 8.5
19 9.0 9.0
20 10.0 9.75
21 11.0 10.75
22 12.0 11.5
23 13.0 12.75
24 14.0 13.75




Table A3 cont.
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Applied Load Det:ormation Deformation
(kips) .lee Enc!3 Pcad En(il3 Comments
(inch x 107) (inch x 10 ?)
.25 15.0 14.75
26 17.0 16.5
27 21.0 20.5
28 25.0 24.5 Yield = 281 k
29 50.0 48.5
30 57.0 55.0
31 66.0 64.5
32 73.0 72.0
33 81.0 78.5
34 92.0 90.5
35 105.0 102.0 1.25 Yield = 35.1 k
36 124.0 122.0
37 140.0 139.0 1.32 Yield




Table A4 Load-Deformation Response Data - #10 Bar - 24" Lap Length
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Deformation
Applied Load Dead End Comments
(inch x 10 ¥)
0. 0.0 Note: Live End Dial Gage Malfunction,
2 1.0
4 3.0
6 6.0
8 8.0
10 14.0
12 16.0
14 18.0
16 220
18 250
20 28.0
22 300
24 33.0
26 36.0
28 38.0
30 41.0
32 43.0
34 450
36 46.0
38 48.0
40 49.0
42 51.0
44 53.0
46 55.0
48 58.0




Table A4 cont.
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Appg(egs;mad D];t::clln Etxign Comments
(inch x 10 ?)

50 61.0 Note:.. Live. End Dial Gage Malfunction.
52 64.0

54 66.0

56 70.0

58 75.0

60 80.0

62 86.0

64 93.0

66 101.0

68 1110

70 121.0

72 130.0

74 142.0

76 153.0

78 162.0

80 170.0

82 181.0 Yield = 825k
84 208.0

86 219.0

88 228.0

90 240.0

92 253.0

94 269.0

96 283.0

98 296.0




Table A4 cont.

App g:igsl);oad De:::;gt‘ieon Comments
(inch x 10 %)
100 312.0 Note: Live End Dial Gage Malfunction.
102 334.0 125 Yield = 103.1 k
104 359.0
106 379.0 1.28 Yield




Table A.5 Load-Deformation Response Data - #10 Bar - 32" Lap Length
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Applieid Load Dﬁ‘;’f‘éﬁ " DS?:;E%" Comments
(kips) (inch x 10 ?) (inch x 10 %)
0 0.0 0.0
) 1.0 1.5
4 15 25
6 2.0 3.5
8 25 45
10 3.5 5.5
12 4.0 6.5
14 50 7.5
16 6.0 9.0
18 7.0 9.5
20 8.0 10.0
22 9.0 11.0
24 10.0 12.0
2% 10.5 13.0
28 110 14.0
30 120 15.0
32 13.0 16.0
34 14.0 17.0
36 14.5 18.0
38 15.0 19.0
40 16.0 20.0
42 17.0 21.0
44 18.0 22.0
46 19.0 23.0
48 20.0 24.0




Table A.5 cont.

Applied Load Deformation Deformation
(kips) .lee End.3 Pead Enc_l3 Comments
(inch x 10 ) (inch x 10 )

50 210 250

52 22.0 26.0

54 22.5 270

56 23.5 28.0

58 25.0 29.0

60 26.0 30.0

62 275 310

64 29.0 32.0

66 30.5 33.0

68 325 35.0

70 34.5 37.0

72 36.5 420

74 39.0 45.0

76 41.0 48.0

78 43.0 520

80 46.0 550

82 49.0 57.0 Yield = 825 k
84 65.0 88.0

86 94.0 99.0

88 100.0 105.0

90 109.0 116.0

92 128.0 132.0

94 142.0 145.0

96 160.0 165.0

98 171.0 177.0




Table A5 cont.
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Aoplied Load Deformation Deformation
pp(ki 5) Live End Dead End Comments
P (inch x 10 %) (inch x 10 )
100 185.0 192.0
102 202.0 210.0 1.25 Yield = 103.1k
104 218.0 229.0
106 234.0 245.0 1.28 Yield




Table A.6 Load-Deformation Response Data - #10 Bar - 41" Lap Splice

68

Applied Load Di?/remé:; " Dlg?::ln Eg?ln Comments
(kips) (inch x 10 %) (inch x 10 )
0 0.0 0.0
2 1.0 1.0
4 20 2.0
6 3.0 2.5
8 50 4.0
10 6.5 55
12 8.0 7.0
14 9.0 8.5
16 10.0 9.5
18 10.5 10.0
20 115 10.5
2 12.0 11.0
24 13.5 12.0
26 14.0 13.0
28 15.0 14.0
30 16.0 15.0
32 17.0 16.0
34 185 17.0
36 195 18.0
38 20.5 19.0
40 215 20.0
42 22.75 21.0
a4 24.0 22.0
46 25.0 23.0
48 26.0 24.0




Table A.6 cont.
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Applied Load Det:ormation Deformation
(kips) .lee Em:l_3 Pead En(_i3 Comments
(inch x 10 ) (inch x 10 )

50 27.0 25.0

52 28.0 26.0

54 29.0 270

56 30.5 29.0

58 31.5 30.5

60 32.5 320

62 34.0 33.0

64 35.0 34.0

66 36.5 35.0

68 38.0 36.5

70 40.0 38.0

72 43.0 40.0

74 4.0 420

76 49.0 450

78 51.5 47.5

80 54.0 50.0

82 58.0 54.0 Yield = 82.5k
84 87.0 84.0

86 90.0 88.0

88 101.0 99.0

90 113.0 110.0

92 123.0 121.0

94 135.5 133.0

96 146.5 144.0

98 155.0 154.0




Table A.6 cont.

70

Applied Load Deformation Deformation
pp(ki 5) Live End Dead End Comments
P (inch x 10 ) (inch x 10 )
100 169.0 166.0
102 184.0 180.0 1.25 Yield = 103.1k
104 199.5 194.0
106 215.5 209.0 1.28 Yield
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