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ABSTRACT

Headed reinforcing bars have been used in concrete construction in the past. Previous
research has been conducted on the use of headed reinforcing bars as longitudinal bars in
concrete applications. This experiment researches the use of splicing headed reinforcing
bars in masonry construction. It is felt that a shorter splice length may be used to get the
same capacity, or even more capacity, than code minimum splice length requirements for

deformed bars.

Tests were performed on nine specimens made with 8-inch units and three specimens made
with 12-inch units to determine the effects of splice length and clear cover of headed
reinforcement in masonry. Several limit states for headed reinforcement were reviewed
and a few of them were analyzed. The limit states analyzed included: development, side
blowout, and compression strut failure. A review of both variables (splice length and clear

cover) for each limit state was provided.

The limited number of specimens did not allow for additional variables to be tested. This

experiment showed that splicing headed reinforcement in masonry warrants further review.
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1.0 INTRODUCTION

Typical reinforced masonry construction uses spliced deformed reinforcement within a
wall section. Current codes require the splice length of reinforcement in masonry to be 48
times the diameter of the rebar. This can be as much as three to four feet. Current
construction practice rules require grout to be poured in a maximum of 5-foot lifts in order
to provide adequate consolidation unless high-lift grouting is used. High-lift grouting is
allowed up to 24-foot maximum height. If high-lift grouting is used, clean-out holes are
required at 5-foot maximum along the height of the wall [1]. For ease of construction the
rebar is only extended above the splice as high as a mason can reach to lay another course.
Because of these restrictions, many structures have continuously spliced reinforcement for

the entire height of the structure, as shown in Figure 1.1.
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Figure 1.1: Spliced reinforcement within a masonry wall.
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The use of heads in a splice situation is a relatively new idea and has not yet been used in
masonry construction. By providing heads on the ends of the reinforcement and splicing
them within a masonry wall, the required splice capacity can be achieved with a shorter
splice length. This project experiments with splicing headed reinforcement in masonry

specimens.

Headed bars, however, have been used in concrete construction. Typically, headed
reinforcement has been provided in shallow embedment conditions where pullout capacity
is required. Headed bars are also used in concrete when limited development length is

available.

This report describes the materials used and their tested strengths. It also includes analysis
and test results of spliced headed reinforcement within masonry specimens. A
representation of what spliced headed reinforcement may look like inside a specimen is
shown in Figure 1.2. Although the figure shows the heads perfectly aligned, in most cases

they were skewed to some unknown angle due to placement challenges encountered.
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Figure 1.2: Headed reinforcement spliced within a masonry specimen.

The intention of this experiment is to introduce the idea of splicing headed reinforcement
within masonry walls. The hope is that this experiment will be the pilot of subsequent
research in developing a design equation for splicing headed reinforcement in masonry

construction.
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2.0 LITERATURE REVIEW

Required splice length for reinforcement in concrete and masonry is governed by
applicable codes. The provisions of these codes were the basis of comparisons. The codes
used as a guide and for comparison for this project are Building Code Requirements for
Structural Concrete and Commentary (ACI 318/318R-02) [2] and the masonry code
provided by Masonry Standards Joint Committee (MSJC) [3]. The provision of codes are
based and confirmed on research. Research on development of rebar in concrete was
performed by Orangun et al [4] and in masonry by Thompson [5]. DeVries researched the

anchorage of headed reinforcement in concrete [6].

2.1 PREVIOUS RESEARCH

2.1.1 ORANGUN, C,, JIRSA, J., AND BREEN, J.

Referenced in the dissertation by Dr. DeVries [6] and provided in an ACI Journal article,
“A Reevaluation of Test Data on Development Length and Splices” [4], (1) provides the
average bond stress along the development length of reinforcement. The effects of spacing,
cover and transverse reinforcement are addressed within (1). After calculating the bond
stress, the development (or bond) force can be calculated by using (2). The development

force is equal to the bond stress multiplied by the surface area of the development length.

Equation (1) follows [4, 6]:
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f
=12+ 3Ca1 , 50d, + A Ty f'. (1)
d, I,  500sd,

where: 4 = average bond stress, psi,

Cc1 = minimum clear cover, in,

ls = development length, in,

d» = reinforcement diameter, in,

Ay = transverse reinforcement area, in?,

fyt = transverse reinforcement yield strength, psi,
s = transverse reinforcement spacing, in, and

f’c = ultimate concrete compressive strength, psi.

Equation (2) follows [4, 6]:
Fq = uly 7d, (2)

where: Fia = development force, Ibs.
2.1.2 THOMPSON, JASON J.

Thompson performed tension tests on 8-inch thick concrete masonry specimens reinforced
with No. 5 and No. 7, grade 60 reinforcing bars. The purpose for his testing was to
determine the required length of lap for spliced deformed reinforcement within the
specimens. Thompson tested the effects of reinforcement diameter, masonry compressive

strength, and reinforcement splice lengths [5].

Linear and multiple linear regression analyses were performed on the results in order to
model lap splices in masonry assemblages. Thompson formulated the following equation
based on the results of his analyses [5]:

| _015d, f,7

Tk

>12 inches 3)
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where: y = 1.0 for No. 3 through No. 6 reinforcing bars;
y = 1.3 for No.7 through No. 11 reinforcing bars;
¢ =0.80;
K =ca/dy < 5.0;

Ccl = minimum clear cover, in;

d» = diameter of reinforcement, in;

fy = yield strength of reinforcement, psi;

f’m = allowable compressive strength of masonry assemblage, psi; and
Is = length of lap splice, in.

Thompson concluded that by increasing the bar diameter, the splice length required to
fully develop the reinforcement also increased. He also discovered that increasing the
masonry compressive strength decreased the required splice length. According to
Thompson’s analyses, the current code provisions overestimate the required splice length
for smaller diameter bars and underestimated the required splice length for larger

diameter bars [5].

2.1.3 DeVRIES, RICHARD A.

DeVries performed more than 140 pullout tests of headed reinforcement in concrete. The
large number of tests allowed for a wide range of variables to be tested. Clear cover, corner
placement, spacing, embedment depth, development length, and size of reinforcement and
head were among the variables tested. Other variables included concrete strength,

transverse reinforcement and head geometry [6].

DeVries provided a pullout-cone capacity design procedure based on his test results using

the Concrete Capacity Design (CCD) method. The pullout cone is defined as a cone-
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shaped mass of concrete adhered to the reinforcing bar as the headed bar is pulled out of
the specimen. The CCD pullout capacity equation [6] for a single anchor bolt or headed

stud is
P, =36.8h"°/f", (4)

where: Puo = ultimate capacity, Ibs;
f’c = compressive strength of concrete, psi; and
hs = embedment depth, in.

Equation (4) does not factor in close spacing or edge conditions [6].

From the results of his testing, DeVries formulated a design procedure for the side blowout-
capacity of headed reinforcement in concrete. After reviewing several variables and
simplifying terms, DeVries composed (5). Equation (5) is the 95% fractile design equation
[6]. ACI 318 provides a similar equation, D-15 of Appendix D, except that the coefficient

is 160 rather than 150 [2]. DeVries’s equation [6] follows:
P, =150C, {A, f', (5)

where: Py = ultimate blowout-capacity, bs,
C1 = edge distance, in,
An = net bearing area, in?, and
f’c = concrete compressive strength, psi.

2.2 CODE PROVISIONS
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2.2.1 BUILDING CODE REQUIREMENTS FOR STRUCTURAL
CONCRETE

Based on research by Orangun and published in ACI 318-02, section 12.2.3 [2] the

development length for a reinforcing bar in concrete is as follows:

where:

3 f, apyi .
. >
I 20t c+K, d, 212 inches (6)
d;

a = reinforcement location factor;

S = reinforcement coating factor;

y = reinforcement size factor;

A = lightweight aggregate concrete factor;

¢ = spacing or cover dimension (measured to the center of the
reinforcement), in;

Ky = transverse reinforcement index;

f’c = ultimate compressive strength of concrete, psi;

fy = yield strength of reinforcement, psi; and

dp = reinforcement diameter, in.

The ratio of (c + Ky)/dp shall not be greater than 2.5. Ky is allowed to be equal to zero even

if transverse reinforcement is used or the following equation [2] may be used:

where:

A T
K =" 7
" 1500sn )

Ay = area of transverse reinforcement, in?;

fir = yield strength of transverse reinforcement, psi;

s = maximum center-to-center spacing of transverse reinforcement within
lg, in; and

n = number of bars or wires being spliced or developed along the plane of
splitting.

According to section 12.15.1, the minimum tension lap splices for a Class A splice is 1.0*lq

and for a Class B splice is 1.3*l4 [2].
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2.2.2 MASONRY STANDARDS JOINT COMMITTEE

MSJC is comprised of members from ACI, Structural Engineering Institute of the
American Society of Civil Engineers (SEI ASCE), and The Masonry Society (TMS).
MSJC provided the Building Code Requirements for Masonry Structures and commentary
(ACI1530-02, ASCE 5-02, and TMS 402-02) and the Specification for Masonry Structures

and commentary (ACI 530.1-02, ASCE 6-02, and TMS 602-02) [3].

2221 DEVELOPMENT OF REINFORCEMENT

According to section 2.1.10.2 of MSJC 2002 [3], the minimum development length of un-
coated tension reinforcement embedded in grout is

I, =0.0015d, F, >12inches 9

where: d» = reinforcement diameter, and
Fs = allowable tensile strength of reinforcement (< 24000 psi).

Section 2.1.10.6.1.1 provides (10) for the minimum length of lap splice for uncoated
reinforcement in tension or compression. Equation (10) is for contact splices. Contact
splices are defined as splices involving two pieces of reinforcement within the same cell
and tied together [3]. Equation (10) follows [3]:

I, =0.002d, F, >12inches (10)

Fs is equal to .4*fy. For 70,000 psi steel (used for this project), Fs would equal to 28,000
psi except the maximum allowable tensile strength is 24,000 psi. Using 24,000 psi, the
minimum development length is 36*dy, and the minimum lap splice is 48*dy based on (9)

and (10) respectively. Unlike the proposed equation by Thompson, required spliced length
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from (9) and (10) are not influenced by reinforcement clear cover or spacing nor are they

influenced by masonry strength [3].
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3.0 CONSTRUCTION AND TESTING

The materials used to construct the reinforced masonry specimens were concrete masonry
units (CMU), mortar, grout, and rebar. Prisms were also constructed, except that they were
ungrouted and unreinforced. Properties of the materials and assemblies listed were

determined by testing.

3.1 SPECIMENS

During this experiment, a set of specimens with spliced reinforcement grouted in the center
cores was tested. The spliced specimens consisted of several materials: CMU, mortar,

grout, and reinforcement. Each material was tested for its respective strength.

3.1.1 SPLICED SPECIMENS

Spliced specimens consisted of 8 inch and 12 inch nominal CMU and measured 24 inch
wide by 48 inch high (see Figure 3.1). Nominal and actual dimensions of 8 inch and 12
inch specimens are shown in Table 3.1. Nine 8-inch specimens, two 12-inch specimens,

and one 12-inch half-block specimen were constructed.
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Figure 3.1: Spliced reinforcement in masonry specimen.

Table 3.1: Spliced specimen properties.

WA VA YA
&

Nominal Dimensions

Actual Dimensions

Specimen|H (in.) |B (in.) |t (in.)|Ls (in.) [H (in.) [B (in.) | t (in.) |Dtop (in.) |Ls (in.)
Al 48 24 8 8 - - - 207/8 | 81/4
Bl 48 24 8 8 48 24 |73/4 21 81/4
C1l 48 24 8 8 - - - 22 8
A2 48 24 8 24 1481/2|241/8|73/4 | 131/8 |245/8
B2 48 24 8 24 - - - 125/8 [247/8
C2 48 24 8 24 - - - 121/2 |245/8
A3 48 24 8 16 - - - 171/8 |16 3/4
B3 48 24 8 16 - - - 175/8 |161/2
C3 48 24 8 16 1481/4| 24 |73/4 17 16 5/8
A4 48 24 | 12 16 |477/8|237/8|113/4| 163/8 |165/8
B4 48 24 | 12 16 |471/2] 24 |113/4 17 16
D2 48 8 12 16 - - - 171/4 |165/8

Note: All specimens were reinforced with #7 rebar with % x 1 %2” x 4” heads.

21

Three apprentice masons and their instructor donated their time and expertise to build the

specimens. The apprentices had one and one-half, two, and three years of experience,

respectively. Each specimen and prism was labeled according to the person who

constructed it and the order in which it was constructed. For example, specimen B3 was
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the third specimen constructed by apprentice B (two years of experience) and C2 was the
second specimen constructed by apprentice C (three years of experience). “D” refers to

the instructor.

After some of the specimens and prisms were built and allowed to cure for a while, the
joints were tooled. Tooling is done with a jointer which “forces the mortar into tight
contact with the masonry unit.” [1] A tooled joint better resists water penetration. Some
of the specimens and prisms were tooled too early. This was obvious due to the visible

tension lines in the mortar joints as represented in Figure 3.2.

CONCRETE
MASONRY
UNIT

MOTAR
JOINT

S LS

FN D

TENSION
LINES IN
JOINT

Figure 3.2: Tension lines in mortar joint.

After a week of curing in the lab (no special curing), the specimens were set on a platform
- shown in Figure 3.3 - for grouting. It was determined through testing that the mortar
strength was at least 100 psi, and this was adequate to move the specimens to the platform

without cracking.
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Figure 3.3: Specimens on grouting platform.

After the specimens were placed on the grouting platform, they were allowed to continue
curing. During this time, reinforcement was placed within the center cores as shown in
Figure 3.4. Placement of the reinforcement was a challenge. The heads of the
reinforcement encountered mortar droppings and truss-type transverse reinforcement as
they were placed inside of the specimens. Although this was a challenge, eventually the

bars were set into place.
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Figure 3.4: Reinforced specimens on grouting platform.

The headed reinforcement was spliced at 8 inch, 16 inch, and 24 inch nominally. The
nominal and measured splice lengths for each specimen are tabulated in Table 3.1 and
detailed in Figure 3.1. The measurements were taken after the reinforcement was placed

in the specimens and before grouting.

Grouting was performed in approximately equal lifts using 5-gallon buckets. After each

lift a vibrator was used to consolidate the grout.

When the grouting was finished and the reinforced specimens had cured for seven days,
the specimens were moved once again. Straps were used to hug the specimens as they
were laid down on the platform as shown in Figure 3.5a. The specimens were set flat on
the concrete floor. Hooks from the crane were used to pick up the specimens by utilizing

the extended reinforcement. The specimens were stacked on the floor, as shown in Figure
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3.5b, where they would remain until tested.  All specimens were tested on days 37 and

38, which was day 28 and 29 after grouting.

a. Hugging specimen. b. Hooked specimen.

Figure 3.5: Transporting specimen.

3.1.2 TEST FRAME

The specimens were tested in a horizontal position sitting on four rollers as shown in Figure
3.6. These rollers allow for a level, free-moving surface while the specimen is being tested.
Four lateral rollers, two on each side of the specimen, were attached to the test frame.
These rollers keep the specimen from rotating and twisting under the applied load. A

friction fit collar was wedged onto the extended rebar on the backside of the specimen
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behind the channel. On the front side of the specimen are a load cell, hydraulic ram, LVDT

(linear variable differential transformer), and another collar.

Frame

Horizontal
| Roller Supports

Figure 3.6: Specimen lying on rollers in test frame.

A schematic drawing of the test frame is shown in Figure 3.7a and a photo of the test frame
is shown in Figure 3.7b. The applied load was measured with an electronic load cell and
relative displacement was measured with an LVDT. All measurements were automatically

recorded with an electronic data accumulation system.
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b. Actual test frame.

Figure 3.7: Test frame set-up.



28

3.2 PRISMS

Prisms were constructed on the same day as the specimens using the same mortar mix. The
prisms were two courses high and ungrouted as shown in Figure 3.8. There were twelve
8-inch prisms and six 12-inch prisms constructed. The prisms were cured under the same
conditions as the specimens until tested. Prisms were tested on day 7, 14, 28, and 38
(second day of specimen testing). Three 8-inch and three 12-inch prisms were tested on
days 7 and 28. Three additional 8-inch prisms were tested on days 14 and 38. All prisms
were tested using a compression tester as shown in Figure 3.9. Prism test results are shown
in Table 3.2 and Figure 3.10. The masonry compressive strength, f’m, for this experiment
is the average 28-day prism compressive strength test results. Therefore, f'm for the 8-

inch specimens is 3300 psi and for the 12-inch specimens is 3800 psi.

Figure 3.8: Ungrouted prism units.



Figure 3.9: 12-inch prism in compression tester.
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Figure 3.10: Prism compression test results.
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Table 3.2: Prism compression test tabular results.

30

Prism | Nominal Width Age Applied Load |Compressive Stress| Average Compressive
Number (in.) (Days) (Ibs.) (psi) Stress (psi)
Al 8 7 103,600 2,590
Cé 8 7 100,900 2,523 2,500
B3 8 7 92,300 2,308
B2 8 14 110,900 2,773
Cl 8 14 128,700 3,218 2,900
A2 8 14 108,700 2,718
C3 8 28 130,800 3,270
Bl 8 28 141,000 3,525 3,300
A3 8 28 128,700 3,218
C2 8 38 97,100 2,428
C5 8 38 147,100 3,678 2,900
C4 8 38 108,500 2,713
A7 12 7 100,300 2,090
A6 12 7 94,500 1,969 1,900
A5 12 7 75,400 1571
B4 12 28 202,400 4,217
A4 12 28 164,300 3,423 3,800
C7 12 28 183,400 3,821

3.3 CONCRETE MASONRY UNITS (CMU)

There were a variety of CMU used in the construction of the specimens including 8 inch

and 12 inch standard and half block units. Units varied in style; for example, some with or

without end flanges. Those with end flanges, or stretcher blocks, had a single web, and

those without end flanges, double corner splittable blocks, had double webs (Figure 3.11).

Nine individual units, six 8-inch units and three half-block 12-inch units, were tested in

compression using a compression tester. Three of the 8-inch stretcher units and three of
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the 8-inch double corner splittable units were tested. All nine units were tested along with

the 28-day mortar cube and prism tests. CMU compression test results are shown in Table

3.3. The standard units were also measured for tolerance compliancy according to ASTM

C90 [7]. CMU measurement results are shown in Table 3.4.

Figure 3.11: CMU block types used for this experiment [1].

Table 3.3: Standard CMU compression test tabular results.

Stretcher Block

i

Slot for
Breaking 1

Double Corner Splittable Block

CMU Compressive|Compressive|  Average
CMU |Course Strength Strength | Compressive
Number| (in.) Course Type (Ibs.) (psi) Strength (psi)
1 8 Stretcher 120,800 4,000
2 8 Stretcher 96,600 3,200 3,800
-) 3 8 Stretcher 124,800 4,200
% 4 8 |Double Corner Splittable] 141,000 4,700
= 5 8 |Double Corner Splittable] 124,300 4,100 4,300
:c% 6 8 |Double Corner Splittable] 118,900 4,000
@ 1 12 Half Block 133,330 7,400
2 12 Half Block 134,100 7,500 6,700
3 12 Half Block 95,700 5,300
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Table 3.4: Standard CMU measurements [7].

Equivalent Web Thickness
CMU Face (in.)
Course | Length | Width | Height [ Shell | Inside Web | Outside Web
(in.) (in.) (in.) (in.) (in.) (in.) (in.)
8 151/2 | 75/8 75/8 15/8 13/8 11/4
8 155/8 | 75/8 75/8 13/4 25/8 13/8
-) 8 155/8 | 75/8 75/8 15/8 13/8 13/8
3| Average | 155/8 | 75/8 | 75/8 | 15/8 33/8
o [Expected| 155/8 | 75/8 75/8 21 >21/4
s 12 155/8 | 115/8 | 75/8 11/2 11/2 15/8
§ 12 155/8 | 115/8 | 71/2 13/4 11/4 15/8
n 12 155/8 | 113/4 | 75/8 15/8 11/2 15/8
Average | 155/8 | 115/8 | 75/8 15/8 33/8
Expected| 155/8 | 115/8 | 75/8 | >11/8 >21/2

34 MORTAR

Type S, pre-mixed mortar was used to construct the specimens. A full mortar bed, as
shown in Figure 3.12, was used due to the small scale of the specimen. Standard practice
is to mortar both face shells of a unit, webs of grouted cores, and outside webs of the walls.
Using this standard for the specimens resulted in a full mortar bed. The mortar joints were

tooled on both sides.

Figure 3.12: Specimen with full mortar bed.
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Mortar cube specimens were prepared during the construction of the masonry and prism
specimens with mortar sampled from all mortar batches (see Figure 3.13). The cubes were
cured in the same environment as the specimens. The cube forms were released after three

days of curing.

Figure 3.13: Filling mortar trays.

There were a total of twenty-four mortar cubes tested; three each on day 3, 7, 14, and 38
(second day of specimen testing) and six each on day 28 and 37 (first day of specimen
testing). These were tested using the compression tester. A photograph of a mortar cube
in the compression tester is shown in Figure 3.14. Mortar test results are shown in Table

3.5 and Figure 3.15.
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Figure 3.14: Mortar cube in compression tester.
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Figure 3.15: Mortar cube compression test graphical results.
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Table 3.5: Mortar cube compression test tabular results.

Average
Applied Load | Compressive | Compressive Stress

Mix No.| Age (Days) (Ibs.) Stress (psi) (psi)

1 3 2630 658

6 3 1100 275 500

1 3 2180 545

1 7 3700 925

4 7 3330 833 800

5 7 2640 660

2 14 2960 740

5 14 3480 870 700

6 14 2420 605

1 28 4640 1160

2 28 4050 1013

3 28 4940 1235

4 28 3840 960 1000

4 28 4560 1140

6 28 1930 483

2 37 5490 1373

3 37 4700 1175

3 37 5550 1388

4 37 3600 900 1000

4 37 2640 660

5 37 3370 843

6 38 2460 615

6 38 2380 595 600

6 38 2770 693

3.5 GROUT SPECIMENS AND CYLINDERS

Standard-mix, pea-gravel grout was used to fill the reinforced cores of the masonry

35

specimens. Slump tests were performed at the beginning and end of the grouting. The

measured slumps were 9 % inches at the beginning and 8 inches at the end. For grout, the

slump expectation is between 8 inches and 10 inches.
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Grout specimens and grout cylinders were also made during grouting. There were nine
specimens and fifteen cylinders made. ASTM C1019 “Standard Test Method for Sampling
and Testing Grout” specifies a configuration for setting up grout specimen forms as shown
below in Figure 3.16 [8]. The specimens were measured at 3 inches x 3 inches x CMU

depth and the cylinders were 6-inch diameter by 12 inches tall.

Grout Specimen

Lining on Face of Unit

» Nonabsorbent Block

Figure 3.16: Grout specimen form configuration per ASTM C1019 (front unit not
shown for clarity) [8].

Before filling the forms, the plastic cylinders were wiped out with form oil and the
specimen forms were lined with form oil soaked paper towel. Each was filled per ASTM
C1019 [8]. The masonry specimens, grout specimens, and grout cylinders were filled using
the same grout mix from the same redi-mix truck. After filling the grout specimen and
cylinder forms with grout, the grout was allowed to cure for three days before stripping the
forms. The grout specimens and cylinders were cured in the same environment as the

reinforced masonry specimens.

Three of the grout cylinders were tested on day 3 when the forms were released. Three
grout cylinders and three grout specimens were tested on days 7 and 14. Six grout cylinders

and three grout specimens were tested on day 28. A grout specimen and a grout cylinder
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are shown in Figure 3.17 as they are being tested in the compression tester. Grout specimen
and grout cylinder compression test results are shown in Table 3.6 and Figure 3.18.
According to the average 28-day grout cylinder compressive test results, the grout

compressive strength, f’g, is 4100 psi.
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a. Grout specimen. b. Grout cylinder.

Figure 3.17: Grout specimen and grout cylinder in compression tester.



Table 3.6: Grout specimen and grout cylinder compression test tabular results.

Cube/Cylinder) Age | Applied |Compressive [Average Compressive
Number |[(Days) |Load (Ibs.) | Stress (psi) Stress (psi)
1 7 19,600 2,200
2 7 13,300 1,500 1,700
e 3 7 | 12,850 1,400
= 4 14 | 20,070 2,200
;3). 5 14 15,420 1,700 2,100
] 6 14 22,410 2,500
s 7 28 | 17,950 | 2,000
8 28 22,580 2,500 2,100
9 28 17,150 1,900
1 3 65,400 2,300
2 3 72,700 2,600 2,500
3 3 71,400 2,500
4 7 98,000 3,500
" 5 7 94,100 3,300 3,300
ks 6 7 90,600 3,200
= 7 14 | 77,600 2,700
5” 8 14 86,500 3,100 2,900
§ 9 14 83,700 3,000
o 10 28 120,500 4,300
11 28 82,500 2,900
12 28 111,800 4,000
13 28 125,900 4,500 4,100
14 28 114,300 4,000
15 28 132,800 4,700

38



39

Grout Compressive Stress

4,500 4,100

|
4,000 3.300

2,900
3,000 %
2,500

2,000 *7’4‘ A
2,100 2,100

1,500
1,000 1,700 |
500 —a— Grout Specimens
0 ‘ w T —&— Grout Cylinders
0 7 14 21 28 35

Compressive Stress
(psi)

Age (days)

Figure 3.18: Grout specimen and grout cylinder compression test graphical results.

3.6 REINFORCEMENT

3.6.1 VERTICAL REINFORCEMENT

The specimens were reinforced with #7, A760, grade 70 reinforcement. Each rebar had a
% inch x 1% inch x 4 inch head at one end. A sample of the headed reinforcement is shown

in Figure 3.19.
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Figure 3.19: Headed reinforcement.

Tensile tests were performed on the vertical reinforcement using a setup as shown in Figure
3.20. The test results are shown in Table 3.7 and Displacement versus Applied Load plot
is shown in Figure 3.21. The LVDT was used to measure relative displacement of the
reinforcement as it was loaded. It was removed after the reinforcement yielded; therefore,

ultimate displacement was not measured.

Load Cell

Figure 3.20: Vertical reinforcement tensile test setup.
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Table 3.7: Vertical reinforcement tensile test results.

Vertical Reinforcement

Bar test| Yield Load | Yield Stress| Ultimate |Ultimate Stress
(Ibs.) (psi) Load (lbs.) (psi)
#1 43848 72919 59473 98903
#2 48242 80227 58496 97279
#3 43066 71620 55176 91758
#4 43042 71579 58887 97929
#5 42773 71133 58789 97767
Average| 44000 73000 58000 97000

Vertical Reinforcement Tests

—~ 50000

2 40000 /f"/‘

o 30000 /

S 20000 /

— 10000

i®)

@ 0 ‘ ‘

= 0 1 2 3
Q . .

< Displacement (in.)

Figure 3.21: Vertical reinforcement Displacement Versus Applied Load.

3.6.2 SHEAR REINFORCEMENT

Truss type shear reinforcement was provided in every other horizontal mortar joint of the
specimens. The shear reinforcement was used mainly for the purpose of modeling typical
construction practice. The tensile capacity of the horizontal joint reinforcement was tested

using a Tinius Olson machine. The average diameter of the shear reinforcement was 0.15
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inches. Table 3.8 shows the results of the shear reinforcement tensile tests. Figure 3.22

shows a typical Stress versus Strain plot of tested shear reinforcement.

Table 3.8: Shear reinforcement tensile test results.

Strain (%)

Nominal | Maximum Applied | Maximum
Width Load (Ibf) Stress (psi)
8" 1,611 91,140
8" 1,503 85,052
8" 1,468 83,090
Average 1,500 86,000
12" 1,883 106,574
12" 1,880 106,378
12" 1,881 106,454
Average 1,900 106,000
Stress Vs. Strain
20
2 [ ]
_70 |
560 |
? 40
©30
920
10
0 1 1 1
0 2 4 6

Figure 3.22: Typical Stress Versus Strain plot.
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4.0 PRELIMINARY ANALYSIS

Before analyzing the information and drawing conclusions, one must understand what is
being tested and how the forces are applied. At one end of the test setup, the rebar is
restrained with a threaded collar. The other end has a load cell and a ram slid over the bar.
The ram pulls on the bar introducing tension into the bar. Bearing of the head and a bond
force between the rebar and the grout resists tension in the bar. In addition, a compression

strut forms between the heads. See Figure 4.1 for a force diagram.

CMU SPECIMEN
COMPRESSION
STRUT BETWEEN HEADED REBAR
HEADS

A////////////

RESTRAINT
N N N e SR A
L]

BOND FORCE
ALONG REBARA\

COLLAR

Figure 4.1: Specimen force diagram.

The purpose of this research is to determine the capacity of spliced headed reinforcement
in masonry. The following sections analyze several variables and limit states. When
comparing the results of this project with previous research, the expectation is that a splice
length of headed reinforcement provides more capacity than an equal splice length of

deformed reinforcement within a masonry assemblage.
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4.1 LIMITSTATES

In order to analyze the data, one must understand the possible failure modes of each
element within the specimen being tested. Two main components of the specimen are the
masonry assemblage and the headed reinforcement. The masonry assemblage is composed
of the CMU, mortar joints with shear reinforcement, and grout. The headed reinforcement
is composed of the rebar, head, and the welded connection. Each component has its own

modes of failure and these modes are discussed in the following sections.

4.1.1 REINFORCEMENT LIMIT STATES

There are four limit states related to headed reinforcement: rebar yielding, rebar fracture,
failure at the welded connection, and head failure. Considering that the welded connection
is designed to be stronger than the rebar and head, the failure at the welded connection can
be disregarded. Head failure can be ignored as well, because the head is designed to

provide a bearing capacity greater than rebar fracture.

Reinforcement yielding (ductile failure) and fracture cannot be ignored. The expectation
is that yielding would occur prior to fracture. Design of reinforced masonry with respect
to the reinforcement is based on the steel yielding. Neither limit state, though, will be
reached if a masonry failure (limit state) is reached first. However, if a rebar yields before
a masonry limit state is reached, there is still additional capacity within the reinforced
specimen. The ultimate failures (completion of a test) occur when the rebar has fractured

or a masonry limit state has been reached.

4.1.2 MASONRY LIMIT STATES
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The masonry limit states related to anchorage of headed or deformed reinforcement are
straight pullout, cone pullout, splitting, side blowout, and compression strut failure.
Masonry failure is considered a brittle failure. Once it fails, there is no additional capacity

left to resist the applied load.

4.1.2.1 STRAIGHT PULLOUT

Straight pullout failure occurs with headed and non-headed reinforcement. With headed
reinforcement, the bearing stress of the head on the grout causes a vertical crack starting at
the corners of the heads as shown in Figure 4.2. This is the path in which the headed
reinforcement is pulled out from. For non-headed reinforcement, the bond between the
rebar and the grout disintegrates. As the load is being applied, the grout breaks away from
the reinforcement lugs as shown in Figure 4.3. Straight pullout is possible with deformed

bars; however, it has never been observed with headed bars.
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Figure 4.2: Straight pullout limit state with headed reinforcement.
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Figure 4.3: Straight pullout limit state with non-headed reinforcement.

4.1.2.2 CONEPULLOUT

Cone pullout is similar to a straight pullout failure except that the shape of the pullout is in
the shape of a cone or prism. This limit state typically occurs with single headed bars and

in shallow embedment conditions as shown in Figure 4.4. It is an unusual occurrence with
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deformed bars. Considering the crack is typically at a 45 degree angle [2], the inside crack
of a spliced specimen would be intercepted by the other reinforcement as shown in Figure
4.5. Therefore, cone pullout is not an expected limit state for splices of headed

reinforcement and was not observed during testing.

SPECIMEN

//7FACE SHELL

| HEADED
REBAR

\\*CDNE

PULLOUT
SECTION

| — GROUTED
CORE

G

Figure 4.4: Cone pullout limit state with a single headed reinforcement.

TP

SPECIMEN
//7FACE SHELL
| — REBAR LUGS

— HEADED
REBAR

™~ GROUTED
CORE

Figure 4.5: Cone pullout limit state with spliced headed reinforcement.
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4.1.2.3 SPLITTING

Splitting failure is caused by radial stresses in the grout immediately surrounding the
reinforcement. As the radial stresses increase, cracks start to form and project towards the
nearest surface as shown in Figure 4.6. The cracks start to open and eventually a brittle
failure of the masonry occurs, typically spalling of the faceshell. Splitting failure is
associated with deformed reinforcement, not headed reinforcement. Therefore, splitting

failure was not an expected limit state and was not observed during testing.

’\‘ SPECIMEN
/FACE SHELL

: : | — REBAR
ég
.
' ™~— GROUTED
CORE

Figure 4.6: Splitting limit state.

N SPLITTING
CRACKS

4.1.2.4 SIDE BLOWOUT

Side blowout is when the faceshell of the masonry assembly is spalled off due to high
internal stresses. This limit state typically occurs with a headed bar deeply embedded or
with long splices as shown in Figure 4.7. As the load is being applied to the rebar, the head

is bearing on the masonry as described earlier.
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Side blowout is also caused by internal stresses produced by a shear cone. A cone of grout
adhered to the reinforcement, at the intersection of the bar and head, acts as a wedge cutting
through the grout (Figure 4.8). The cone is considered a shear cone and is shown in Figure
4.8. As the load increases, the wedge cuts through the grout, introducing high internal
stresses that migrate to the faceshell of the specimen. Eventually, the stresses caused by

the wedges spall the faceshell of the specimens near the head location (Figure 4.9).

SPALLED CMU SPECIMEN
FACE SHELL
SECTIDNS‘N HEADED REBAR
COLLAR
RESTRAINT
‘} DJ .

L]

LONG SPLICE

Figure 4.7: Side blowout limit state.

Figure 4.8: Grout shear cone within a reinforced masonry specimen.
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Figure 4.9: Side blowout failure of a masonry specimen.

4.1.25 COMPRESSION STRUT

Compression strut failure is similar to side blowout except that this only occurs with spliced
reinforcement as shown in Figure 4.10. The bearing area of the compression strut is equal

to the area of the head surface.

STRUT

SPALLED CMU SPECIMEN
FACE SHELL

SECTION HEADED REBAR

COLLAR

RESTRAINT\[X

L

RT SPLICE

Figure 4.10: Compression strut failure limit state.
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The heads of the reinforcement bear on the grout. Because the heads are being pulled
towards each other, a compressive force is developed within the grout between the heads.
As the load increases, the compressive force increases and the grout and masonry fails. It

is expected that a failure of the compression strut will look similar to a side blowout failure.

4.2 VARIABLES

There are many variables that can affect which limit state will be reached: reinforcement
diameter; head area and aspect ratio; transverse reinforcement; masonry compressive
strength; reinforcement spacing; splice length and clear cover. Each variable plays an
important role in determining the capacity of a reinforced masonry assemblage. For this

project, the variables tested were splice length and clear cover.

4.2.1 EXPECTED EFFECT OF SPLICE LENGTH

Splice length for headed reinforcement is defined as the distance between the bearing faces
of the heads as shown in Figure 3.1. The nominal splice lengths tested were 8-inches, 16-

inches, and 24-inches. Measured splice lengths tested are noted in Table 3.1.

Thompson proved that an increase in splice length of deformed bars increased the specimen
capacity [5]. The capacity of specimens with spliced headed reinforcement is also expected
to increase as the splice length increases. If side blowout failure controls, an increase in

splice length would have no effect on the capacity, just development length.
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4.2.2 EXPECTED EFFECT OF CLEAR COVER

The nominal masonry widths tested were 8-inch and 12-inch which correspond to clear
covers of 3 3/8 inches and 5 3/8 inches respectively using #7 bars centered in the cores. It
is probable that the applied load will be greater for a 5 3/8 inch clear cover than a 3 3/8
inch clear cover with the same splice length. The distance for a crack to reach the exterior
of a 12-inch specimen is greater than an 8-inch specimen. Since the crack has further to

travel, it is expected that the larger clear cover will have a greater capacity.
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5.0 ANALYSIS OF TEST RESULTS

After developing preliminary conclusions by describing several limit states of a reinforced
masonry specimen reinforced with headed reinforcement, an analysis of the test results
may be performed. The following sections describe in more detail the role each variable

may or may not have had in each specimen failure.

5.1  TEST RESULTS

The applied load for each specimen and the average applied load for each set of specimens
is shown in Table 5.1. The values shown are the results that will be compared to the
expected bond capacity, side blowout capacity and compression strut capacity. These

values will also be the basis for comparison for the effects of splice length and clear cover.

The 8-inch wide specimens increased in capacity by 9,000 pounds as the splice length

increased by 8 inches. The capacity of the 12-inch wide specimens spliced at 16 inches is

equal to the capacity of the 8-inch specimens spliced at 16 inches.

Table 5.1: Specimen test results.



54

Nominal | Splice Max Average
Width |Length| Applied |Applied Load
Specimen| (in.) (in.) [Load (Ibs.) (Ibs.)
Al 8 8.25 30300
Bl 8 8.25 33700 31000
C1 8 8 28800
A3 8 16.75 | 37400
B3 8 16.5 41500 40000
C3 8 16.625| 41000
A2 8 24.625| 46200
B2 8 24.875| 50000 49000
Cc2 8 24.625| 50700
A4 12 16.625| 39600
B4 12 16 42200 40000
D2 12 16.625| 38600
51.1 BOND

There are two basic limit states associated with the bond of the grout to the reinforcement,
pullout and splitting. In Section 4, the author had noted that these two limit states were not
expected during testing. Even though pullout and splitting were not expected, the bond

force resisting the applied load causing these two limit states is calculated.

From Orangun’s test results, equations for bond stress, (1) (see page 14), and bond force,
(2) (see page 14), were developed [4]. Equations (11) and (12) are examples of bond stress
and bond force respectively for Specimen Al. A comparison of the spliced specimen
applied force to the predicted bond force for each specimen is shown in Table 5.2.

Equation (11) follows [4, 6]:

=|12, 37278 50%0875 _ 0+60000 | pass oo 1)

+
0.875 8.25 500+*16+0.875



where:

Cc1=2.781in,
l4=8.251n,

dp, =0.875 in,
Atr =0 inz,

fyt = 60,000 psi,
s=161in,and
f’m = 3300 psi.

Equation (12) follows [4, 6]:

where:

F, = 920%8.25#7+0.875=20,900Ibs.

u =920 psi,
l4=8.25in, and
dp =0.875in.
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(12)

Table 5.2: Comparison of spliced specimen applied force to predicted bond force.

Nominal Maximum

Width |Development| Applied |Development| Development | Applied/

Specimen| (in.) Length (in.) | Load (Ibs.) | Stress (psi) | Force (Ibs.) |Predicted
Al 8 8 1/4 30300 920 20900 1.45
Bl 8 8 1/4 33700 920 20900 1.61
C1 8 8 28800 930 20500 1.40
A3 8 16 3/4 37400 770 35500 1.05
B3 8 16 1/2 41500 770 34900 1.19
C3 8 16 5/8 41000 770 35200 1.16
A2 8 24 5/8 46200 720 48700 0.95
B2 8 24 7/8 50000 720 49200 1.02
C2 8 24 5/8 50700 720 48700 1.04
A4 12 16 5/8 39600 1250 57100 0.69
B4 12 16 42200 1250 55000 0.77
D2 12 16 5/8 38600 1250 57100 0.68

As shown in Table 5.2, the applied load of the 8-inch specimens spliced at 8 inches and

16 inches nominally surpassed the predicted bond force by as much as 61%. This

suggests that another mechanism was available to help resist the applied load. The
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applied load of the 8-inch specimens spliced at 24 inches nominally is approximately
equal to the predicted bond force. Bond force in this set of specimens may be the cause
of failure. The applied load of the 12-inch specimens spliced at 16 inches nominally fell

below the predicted bond force.

5.1.2 SIDE BLOWOUT

DeVries developed (5) (see page 16) from his test results of headed reinforcement in
concrete [6]. He tested several rebar deeply embedded and close to an edge in order to
prevent a pullout failure and to obtain accurate side blowout data. Because of the long
embedment depth and small cover, the limit state reached during this report’s experiment

may resemble a side blowout failure.

Equation (13) is a sample side blowout calculation for all 8-inch specimens [6]:

P, =150%3.81,/6+3300 =80,200 Ibs. (13)
where: C1:=3.81in,
An=1.25in*4in=6in? and
’m = 3300 psi.

Ratios of the spliced specimen applied load to side blowout failure capacities are shown in
Table 5.3. The applied load for spliced specimen C2 was approximately 60% of the
predicted capacity. The side blowout equation developed by DeVries was not for splices

[6]. The equation overestimates the capacity of the splices.
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Table 5.3: Comparison of spliced specimen applied loads to predicted side blowout

capacities.

Nominal Splice Maximum Applied| Side Blowout | Applied /

Specimen |Width (in.)| Length (in.) Load (Ibs.) Capacity (Ibs.) | Predicted
Al 8 81/4 30,300 80,200 0.38
Bl 8 81/4 33,700 80,200 0.42
C1 8 8 28,800 80,200 0.36
A3 8 16 3/4 37,400 80,200 0.47
B3 8 16 1/2 41,500 80,200 0.52
C3 8 16 5/8 41,000 80,200 0.51
A2 8 24 5/8 46,200 80,200 0.58
B2 8 24 7/8 50,000 80,200 0.62
Cc2 8 24 5/8 50,700 80,200 0.63
A4 12 16 5/8 39,600 131,200 0.30
B4 12 16 42,200 131,200 0.32
D2 12 16 5/8 38,600 131,200 0.29

5.1.3 COMPRESSION STRUT LIMIT STATE

Section 4.1.2.5 of this document describes the failure related to the compression strut limit
state. In review of the photographs taken during the experiment and due to the physical
nature of the specimen failures, it is likely that this was witnessed. Ratios of the applied
load to the allowable compression strut force are shown in Table 5.4. The allowable
compression strut force is equal to the allowable masonry compressive stress, f'm, times
the compression strut area. The surface area of the head was used in the calculation for the
allowable compression strut force. Equation (14) is a sample calculation for the
compression strut force for all 8-inch specimens.

P, =6+3300 = 39,600 Ibs. (14)

where: An=15in*4in=61in? and
’m = 3300 psi.
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According to Table 5.4, the compression strut for the 8-inch specimens spliced at 8 inches
and the 12-inch specimens spliced at 16 inches had additional capacity. The compression
strut force for the 8-inch specimens spliced at 16 inches was approximately equal to the
applied load. Compression strut failure could have been the limit state for this set of
specimens. The compression strut force for the 8-inch specimens spliced at 24 inches
would have failed prior to reaching the maximum applied load; therefore, another limit

state was involved in resisting the applied loads.

Table 5.4: Comparison of spliced specimen applied force to predicted compression strut

force.

Nominal Splice |Maximum Applied |Compression Strut| Applied /

Specimen|Width (in.)|Length (in.) Load (Ibs.) Force (Ibs.) Predicted
Al 8 8 1/4 30300 39600 0.77
Bl 8 8 1/4 33700 39600 0.85
Cl 8 8 28800 39600 0.73
A3 8 16 3/4 37400 39600 0.94
B3 8 16 1/2 41500 39600 1.05
C3 8 16 5/8 41000 39600 1.04
A2 8 24 5/8 46200 39600 1.17
B2 8 24 7/8 50000 39600 1.26
C2 8 24 5/8 50700 39600 1.28
A4 12 16 5/8 39600 46000 0.86
B4 12 16 42200 46000 0.92
D2 12 16 5/8 38600 46000 0.84

5.2 EFFECT OF SPLICE LENGTH
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Thompson developed a new equation - (3) (see page 15) - for the splice length of
reinforcement in masonry based on his test results [5]. ACI 2002 provides an equation for
splice length based on the development length - (6) (see page 17) - of the reinforcement in
concrete and the type of splice, tension or compression [2]. MSJC 2002 provides an
equation for splice length of reinforcement - (10) (see page 18) - in masonry based on

development length and type of splice, contact or non-contact [3].

5.21 THOMPSON’S SPLICE LENGTH

Ratios of the applied force to the predicted force using Thompson’s equation are shown in
Table 5.5. Equations (15) and (16) are sample calculations of specimen Al for the splice
length and predicted force based on Thompson’s equation. According to Thompson, the
required splice length should be 75d,. Thompson overestimates the required splice length
of headed bars. The capacity from splicing headed bars is 2 to 6 times greater than what
Thompson predicted [5]. The phi factor was taken out of (15) in order to more accurately

compare the tested splice lengths.

Equation (15) follows [5]:

_ 0.15%0.875%70000+1.3
) \/3300%3.18

I =65.5 inches (15)

where: y =1.3;
K =2.78/0.875 = 3.18;
Coa =2.78in;
dp, =0.875in;
fy = 70000 psi; and
’m = 3300 psi.
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Equation (16) follows:

P - 70000 >l<0.60>l<8.25:5300 pounds (16)
65.5
where:  Ap =0.60 in%;
fy = 70000 psi;
Ias =8.25 |n, and
Ips =65.5in.

Table 5.5: Comparison of spliced specimen applied force to predicted force based on
Thompson’s equation.

Measured | Predicted

Nominal Splice Splice Applied Predicted | Applied/

Specimen |Width (in.)|Length (in.)| Length (in.) | Force (Ibs.) |Force (Ibs.)| Predicted
Al 8 8 1/4 65 1/2 30,300 5,300 5.72
Bl 8 8 1/4 65 1/2 33,700 5,300 6.36
C1 8 8 65 1/2 28,800 5,100 5.65
A3 8 16 3/4 65 1/2 37,400 10,800 3.46
B3 8 16 1/2 65 1/2 41,500 10,600 3.92
C3 8 16 5/8 65 1/2 41,000 10,700 3.83
A2 8 24 5/8 65 1/2 46,200 15,800 2.92
B2 8 24 7/8 65 1/2 50,000 16,000 3.13
Cc2 8 24 5/8 65 1/2 50,700 15,800 3.21
A4 12 16 5/8 38 3/4 39,600 18,100 2.19
B4 12 16 383/4 42,200 17,400 2.43
D2 12 16 5/8 38 3/4 38,600 18,100 2.13

5.2.2 ACI 2002 SPLICE LENGTH

Ratios of the applied force to the predicted force using ACI 2002 are shown in Table 5.6.
Equations (17) and (18) are sample calculations of specimen Al for the splice length and

predicted force based on ACI2002. ACI 2002 overestimates the required splice length for
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all specimens. The required capacity is 1.5 to 3 times greater than predicted by ACI 2002

[2].

Equation (17) follows [2]:

4=

( 3 70000 1#1%1%1

2 ]*0.875= 32 inches (17)
40 \/3300 2.5

where: a =1.0;
p=10;
y=1.0;
A=1.0;
c =3.81in;
Kir = 0%60,000/(1500*16*1) = O;
f’m = 3300 psi;
fy = 70,000 psi;
dp, = 0.8751in;
Atr =0 inz;
fir = 60,000 psi;
s=161in;and
n=1.
c+Ky/dpy=381+0/.875=4.35>25:. Use 2.5

Equation (18) follows:

p - 10000%0:60%8.25_, 41 pounds (18)
32
where:  Ap =0.60 in%;
fy = 70000 psi;
las =8.25 in; and
Ips =32 in.
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Table 5.6: Comparison of spliced specimen applied force to predicted force based on

ACI 2002.
Measured | Predicted

Nominal Splice Splice Applied Predicted | Applied/

Specimen |Width (in.)|Length (in.)| Length (in.) | Force (Ibs.) |Force (Ibs.)| Predicted
Al 8 8 1/4 32 30,300 10,900 2.78
Bl 8 8 1/4 32 33,700 10,900 3.09
C1 8 8 32 28,800 10,500 2.74
A3 8 16 3/4 32 37,400 22,000 1.70
B3 8 16 1/2 32 41,500 21,700 191
C3 8 16 5/8 32 41,000 21,900 1.87
A2 8 24 5/8 32 46,200 32,400 1.43
B2 8 24 7/8 32 50,000 32,700 1.53
C2 8 24 5/8 32 50,700 32,400 1.56
A4 12 16 5/8 30 39,600 23,500 1.69
B4 12 16 30 42,200 22,600 1.87
D2 12 16 5/8 30 38,600 23,500 1.64

5.2.3 MSJC 2002 SPLICE LENGTH

Ratios of the applied force to the predicted force using MSJC 2002 are shown in Table 5.7.
Equations (19) and (20) are sample calculations of specimen Al for the splice length and
predicted force based on MSJC 2002. MSJC 2002 overestimates the required splice length
according to Table 5.7. During testing, a greater capacity was obtained by using a splice
length of 9dp, rather than using the required splice length OF 48d,. The capacity from

splicing headed bars is 2 to 4 times greater than what MSJC 2002 predicts [3].

Equation (19) follows [3]:
I, = 0.002%0.875+24,000=42 inches (19)

where: dp = 0.875 in and
Fs = 24000 psi.
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Equation (20) follows:

P — 70000 *0.60*8.25:&300 pounds (20)
42
where:  Ap =0.60 in?%;
fy = 70000 psi;
Ias =8.25 |n, and
Ips =42 in.

Table 5.7: Comparison of spliced specimen applied force to predicted force based on

MSJC 2002.
Measured | Predicted

Nominal Splice Splice Applied Predicted | Applied/

Specimen |Width (in.)|Length (in.)| Length (in.) | Force (Ibs.) |Force (Ibs.)| Predicted
Al 8 8 1/4 42 30,300 8,300 3.65
Bl 8 8 1/4 42 33,700 8,300 4.06
C1 8 8 42 28,800 8,000 3.60
A3 8 16 3/4 42 37,400 16,800 2.23
B3 8 16 1/2 42 41,500 16,500 2.52
C3 8 16 5/8 42 41,000 16,700 2.46
A2 8 24 5/8 42 46,200 24,700 1.87
B2 8 24 7/8 42 50,000 24,900 2.01
C2 8 24 5/8 42 50,700 24,700 2.05
A4 12 16 5/8 42 39,600 16,700 2.37
B4 12 16 42 42,200 16,000 2.64
D2 12 16 5/8 42 38,600 16,700 231

5.3 EFFECT OF CLEAR COVER

It was expected that more reinforcement cover would increase the capacity of the
specimen due to more confinement of the section. According to Table 5.1 on page 54,
this was not the case. The average applied force for an 8-inch unit spliced at 16 inches is

equal to the average applied force for a 12-inch unit spliced at 16 inches.
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5.4 COMBINATION OF LIMIT STATES

Since each limit state predicted loads higher than, lower than, or approximately equal to
the applied loads, it is reasonable to consider a combination of limit states acting at the
same time for those loads higher and lower than the applied loads. Through review of the
individual limit states, one combination is developed. This includes the compression strut

limit state resisting the applied load in combination with the development limit state.

5.4.1 COMPRESSION STRUT + BOND

When combining the compression strut force with the bond force, the applied force
becomes less than the combination for all specimens, as shown in Table 5.8. If this
combination is the cause of failure to the specimen, there is a reasonable explanation for a
lesser-applied load than predicted. An interaction between the compression strut limit state
and the development limit state may have been occurring. An interaction equation is a
reasonable explanation for the 8-inch specimens spliced at 16 inches and 24 inches. Both
limit states predicted forces less than the average applied force. For the other specimens,
it is unlikely that an interaction occurred during testing since one or both of the limit states

predicted forces greater than the applied loads.
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Table 5.8: Comparison of spliced specimen applied load to the combination of
compression strut force plus development force.

Nominal| Splice | Maximum Compression

Width |Length| Applied |Compression Strut| Bond Force | Strut + Bond | Applied /

Specimen| (in.) (in.) |Load (Ibs.) Force (lbs.) (Ibs.) Force (Ibs.) |Predicted
Al 8 8 1/4 30300 39600 20900 60500 0.50
Bl 8 8 1/4 33700 39600 20900 60500 0.56
C1 8 8 28800 39600 20500 60100 0.48
A3 8 16 3/4 | 37400 39600 35500 75100 0.50
B3 8 16 1/2 | 41500 39600 34900 74500 0.56
C3 8 16 5/8 | 41000 39600 35200 74800 0.55
A2 8 24 5/8 | 46200 39600 48700 88300 0.52
B2 8 24 7/8 | 50000 39600 49200 88800 0.56
C2 8 24 5/8 | 50700 39600 48700 88300 0.57
A4 12 16 5/8 | 39600 46000 57100 103100 0.38
B4 12 16 42200 46000 55000 101000 0.42
D2 12 16 5/8 | 38600 46000 57100 103100 0.37

5.5 MASONRY COMPRESSIVE STRENGTH

For all equations, f'm for the 8-inch specimens equaled 3300 psi and for the 12-inch

specimens equaled 3800 psi.

These compressive strengths were used for comparison

purposes and because designers specify f’m for masonry construction projects. Masonry

compressive strength does not make sense for the ACI 2002 equation and for Oragun’s

equation where f’g would have been more suitable.
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6.0 CONCLUSIONS

This report introduced the possibility of splicing headed reinforcement in masonry
construction. With a limited number of 8-inch and 12-inch specimens reinforced with #7
headed reinforcement, a new development in masonry construction has started. Through
research of Orangun, Thompson, and DeVries, a comparison of similar ideas to the test
results of this experiment was possible. The variables for this experiment were limited to
splice length and clear cover. Utilizing the givens and the analysis of the test results, the
following conclusions may be drawn:

1. Thompson overestimates the required splice length for headed reinforcement.
Compared to deformed reinforcement, headed reinforcement has 2 to 6 times more
capacity.

2. MSJC 2002 also overestimates the required splice length for head reinforcement.
A greater capacity was obtained using 9dp in the experiment than what was
predicted from MSJC’s required minimum of 48ds.

3. The average applied loads of the 8-inch specimens and 12-inch specimens spliced
at 16 inches were the same. This suggests that clear cover has no effect on the
capacity of the specimens.

4. The longer the splice, the greater the capacity. The capacity of the 8-inch specimens

increased by 9,000 pounds as the splice increased by 8 inches.
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RECOMMENDATIONS FOR FUTURE TESTING

The use of headed reinforcement in masonry construction is a fairly new idea and needs to

be developed further. Due to a limited number of specimens tested during this experiment

and the lack of accurate information, it is recommended that future testing be performed.

Future experiments should include the following:

1.

2.

Future tests should look at the effect of bar diameter and clear cover.

The only reinforcement used during this experiment was a #7, grade 70 rebar.
Grade 70 is required for welding the head to the rebar. Future tests should include
an analysis of several different diameter rebar. The rectangular heads provided for
this experiment were also uniform in size throughout. Also, future research should
include the effects of square heads and providing heads with different areas.

The concrete masonry units used for this experiment are assumed to be normal
weight units. All units were donated, but a manufacturer’s record of strength was
not recorded. Future tests should include the effects of normal weight and
lightweight units.

The transverse reinforcement provided for this experiment was uniform throughout.
Future testing may include the effects of different transverse reinforcement or even
no transverse reinforcement.

The reinforcement for this experiment was allowed to bond to the grout as a means
of resisting the applied load. Future testing should include the removal of the bond

between the reinforcement and the grout.
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