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1. INTRODUCTION
1.1 General

This research is concerned with the in-plane seismic resistance
of two-story concrete masonry coupled walls. It is part of the U.S.
Coordinated Program for Masonry Building Research directed by the
Technical Coordinating Committee for Masonry Research (TCCMAR).

The U.S. Coordinated Program for Masonry Building Research,
funded by the National Science Foundation, consists of a set of
separate but coordinated tasks, intended to address the basic issues
of masonry material and structural response to gravity and
seismically induced loads. The program is divided into 10 tasks:
1) materials; 2) mathematical models; 3) walls; 4) intersections;
5) floors; 6) construction; 7) small-scale models; 8) design
methods; 9) full-scale building; and 10) design recommendations and

criteria development [1].

Task 3 (Walls) is divided into sub-tasks dealing with in-plane
and out-of-plane loading. The in-plane load section, Task 3.1,
consists of tests on: a) single-story panels without floor joints
or openings; b) three-story walls without floor joints or openings;
and c) two-story walls with openings and floor joints. This

research is part of Task 3.1(c).

In Task 3.1(c) of the TCCMAR Program, 6 full-scale reinforced
masonry walls, each two story high, will be constructed in the
laboratory. All specimens will be of fully grouted hollow concrete

masonry. Three specimens will be single walls with door and window
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openings and three specimens will be pairs of walls, coupled by

various floor systems with and without lintels.

This research will involve the two coupled walls without
lintels (Type 2 Specimen). The two floor systems investigated are
floors spanning perpendicular to the shear walls (cast-in-place slab
system) and floors spanning parallel to the shear walls (precast
plank slab system). The Type 2 specimens represent a pair of

coupled shear walls in a two-story building.
1.2 Scope and Objectives

1.2.1 Objectives of TCCMAR Task 3.1(c). The overall
objectives of Task 3.1(c) are to examine how the in-plane seismic
resistance of multistory concrete masonry walls is affected by

floor-wall joints, wall openings, and floor elements.

1.2.2 Objectives of Previous TCCMAR Task 3.1(c) Research. The

objectives of previous research in TCCMAR Task 3.1(c) were to:

a) design the two-story concrete masonry coupled shear wall

specimens,
b) design and construct the loading apparatus and test setup; and
c) design the instrumentation of the first specimen.

That previous research was largely carried out by Antrobus,

and is described in Reference 2. Material from that reference has
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been used for Chapters 2, 4, and 5 of this thesis with modifications

for the specific scope of this research.

1.2.3 Objectives of this TCCMAR Task 3.1(c) Research. The

specific objectives of this research are:

a)

b)

c)

d)

e)

£)

to verify the behavior of the lateral loading system test

setup;

to examine the cyclic shear resistance of the coupled wall

systems;

to examine the behavior of the floor-wall joint connection for
a cast-in-place slab system and for a precast plank slab

system;

to examine the coupling effectiveness (under reversed cyclic

loads) of the floor systems without lintels;

to compare experimental results with predicted behavior of

coupled shear walls; and

since this project is a coordinated research, to make the test
results available to the other researchers in the TCCMAR

program, and to the engineering community at large.



2. BACKGROUND
2.1 General

In this chapter, coupled wall behavior will be discussed
briefly (Section 2.2). The behavior of reinforced concrete coupled
walls will first be reviewed. The behavior of reinforced masonry
coupled walls will then be discussed. In Section 2.3, the materials

composing the masonry coupled walls will be briefly discussed.

2.2 Coupled Walls

2.2.1 General. Structural walls often require openings to
accommodate windows and doors. When the openings are arranged in
a pattern that allows interaction of two or more walls through siab
and/or beams, the system is termed a "coupled wall." The
performance of coupled walls is governed by the characteristics and
behavior of the individual walls and the coupling system, and of the

interaction between them.

2.2.2 Coupled Wall Behavior. A single cantilever wall must
resist gravity loads and lateral forces. Coupled walls must resist
gravity loads, lateral forces, and also the additional actions due
to the coupling system. Under lateral load, the coupling system
develops shears and moments, and transmits these to the walls. With
reference to Figure 2.1, the equilibrium equation of the coupled

wall system is:
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where M, is the total base overturning moment, M, and M, are the
moments at the base of each wall about the plastic ceﬁtroids of the
walls, L is the length between the plastic centroids of the coupled
walls, aﬁd T is the total shear force transferred by the coupling

system between the walls.,

Figure 2.1 compares the flexural resisting mechanisms of: (a)
a solid cantilever wall; (b) coupled walls with strong coupling
beams; and (c) coupled walls with weak coupling beams. The walls
and the coupling system contribute some of the total overturning
moment. At ultimate, the shear transferred between the walls varies
with the strength of the coupling system. If the coupling system
is weak, the amount of shear transfer will be small (Fig. 2.1(c)).
The L*T parameter is small compared to M; and M,, and the walls
behave almost as independent cantilever wﬁlls with a slight
increment in axial load induced by the coupling system. With strong
coupling beams, the shear transferred by the coupling system is
large in relation to M; and M, (Fig. 2.1(b)). The contribution of
the of the L*T term to the total overturning moment is significant,

and the coupled walls behave more like a single cantilever wall [3].

The failure modes of the coupled wall include: failure of the
coupling system; flexural failure of the walls; shear failure of the
walls; and sliding shear of the walls. Figure 2.2 illustrates the
failure modes which could occur in the walls of a coupled wall

system.
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Figure 2.1 A Comparison of Flexural Resisting Mechanisms in
Structural Walls [3]
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Figure 2.2 Failure Modes in Cantilevers Walls [3]
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The coupling system can fail due to flexure or shear in the
coupling beam, and also by failure of the connection between the
coupling beam and the wall. For a slab coupling system, punching

shear failure of the slab is another possibility.

Flexural failure of the walls involves crushing of the
compression toe of a wall and/or the yielding of the vertical

reinforcement of the wall.

Shear failure of the wall can involve diagonal tensile cracking
of the walls, or shear sliding of the wall. Shear sliding can occur
at the base, or along flexural cracks that extend across the wall

length.

The walls should be designed to prevent a shear failure from
occurring. A coupled wall system should be designed to have a
ductile flexural failure of the walls. Design characteristics for
the coupled wall system should include: a ductile coupling system
to dissipate energy which would protect the walls from early damage;
a stable hysteretic response; and plastic hinging of the walls’

bases and of the coupling beams [4].

The flexural behavior of a reinforced masonry wall is similar
to that of a reinforced concrete wall. Therefore, the theory
developed for reinforced concrete members is also used for
reinforced masonry walls [5,6,7]. However, shear behavior of
reinforced masonry walls differs from that of reinforced concrete
walls. Extensive research is addressing the shear resisting
mechanisms of reinforced masonry walls [8,9]. At present, the shear

strength design equations for reinforced concrete walls are



8

generally used for shear design of reinforced masonry walls
[5,6,10].

2.3 Typical Masonry Materials

2.3.1 Typical Masonry Mortar. The primary purpose of mortar is
to bond units into an integral assemblage [11]. The mortar
separates the units and also holds them together. Material
properties and proportions for mortar are defined in ASTM

specification C270-87a (Mortar for Unit Masonry).

Masonry mortar generally is composed of Portland cement, lime,
sand, and water. Portland cement contributes to the compressive
strength and high early strength of mortar. Lime gives workability
and water retentivity, and contributes to tensile bond strength.
The sand acts as an inert filler. The water is used as a mixing
vehicle, and also creates plastic workability and initiates
cementitious action. Both the plastic and hardened properties of

the mortar are significant.

The properties of plastic mortar are related primarily to its
construction suitability. The most important of these are
workability and water retentivity. As specified in ASTM C270-87a,
workability-is measured using a flow test, and water retentivity of
mortar is expressed as the ratio of flow after suction to initial
flow.

While compressive strength is not the only important property
of hardened mortar, it is the only one currently specified in ASTM
C270-87a.



2.3.2 Typical Concrete Masonry Units. Concrete masonry units
are typically made with zero-slump Portland cement concrete and
lightweight aggregate. The concrete is vibrated under pressure in

multiple-block molds and then steam-cured.

Concrete masonry units can be produced for load bearing and
non-load bearing applications and can be madé as solid or hollow
units. Load-bearing concrete masonry units are covered in
specification ASTM C90-86 (Hollow and Solid Load-Bearing Concrete
Masonry Units), which prescribes the classification, materials,

dimensional variations, and sampling and testing of the units.

A concrete masonry unit’s relevant mechanical properties are
its compressive strength, tensile strength, absorption, initial rate
of absorption (IRA), modulus of ‘elasticity, shrinkage and
coefficient of thermal expansion. Testing for compressive strength
and absorption is covered in ASTM Cl40-75 (Sampling and Testing
Concrete Masonry Units).  The procedure for determining a unit's
initial rate of absorption is covered in ASTM €67 (Sampling and
Testing Brick and Structural Clay Tile). Testing for modulus of
elasticity and tensile strength are not covered in ASTM
specifications. Testing of the drying shrinkage of concrete block

is explained in ASTM C426-70 (Drying Shrinkage of Concrete Block).

2.3.3 Typical Masonry Grout. Masonry grout is used to fill
some or all of the cells in hollow-core units, and between the
wythes of a multi-wythe wall. As specified in ASTM C476-83 (Grout

for Masonry), masonry grout is composed of Portland cement, sand,
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pea gravel, and water; it can also contain hydrated lime and

additives.

Grout workability is achieved by the use of sufficient water to
achieve a 10- to 12-inch slump. In spite of this high initial water
content, subsequent compressive strength is satisfactory because the
grout loses water to the units after placement. The problem of high
sﬁfinkage due to this water content is resolved by using water-

retention agents.

The primary mechanical property of hardened grout is its
compressive strength, tested as defined in ASTM C1019-84 (Sampling

and Testing Grout).

2.3.4 Typical Masonry Assemblages. Masonry units are bonded
together with mortar to form a masonry assembiage, which then can
be filled with grout if desired. The primary properties of the
assemblage are its tensile bond strength, compressive strength,

shear strength and durability.

Before grouting, tensile bond strength is dependent on the bond
between the mortar and the units. It is influenced by the elapsed
time between spreading the mortar and laying the masonry unit, the
suction of the unit, the water retentivity of the mortar, the
pressure applied to the masonry joint during placement, the tooling
of the joint, the texture of the masonry units’ bedded surfaces, and
the curing conditions. After grouting, tensile bond strength is
also influenced by the tensile strength of grout. Tensile bond

strength can be measured using ASTM C1072 (Masonry Flexural Bond
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Strength), ASTM E518 (Flexural Bond Strength of Masonry) or ASTM E72

(Gonducting Strength Tests on Panels for Building Construction).

Compressive strength of a masonry assemblage 1is usually
measured using stack-bonded prisms following ASTM E447-80 (Test
Method for Compressive Strength of Masonry Prisms). The prisms
generally fail due to transverse splitting. Mortar, usually more
flexible than the units, expands laterally under compression and

places the units in transverse biaxial tension.

Shear strength of a masonry assemblage ‘can be measured
following ASTM E519 (Diagonal Tension in Masonry Assemblages). The
test is conducted using a 4-foot-square panel, loaded in compression
along one of its diagonals. The test places the specimen in a
stress state of diagonal compression and is intended to simulate

shear in a real structure.

The durability of masonry is primarily related to the freeze-
thaw resistance of the units, the efflorescence characteristics of
the units, the water permeance of the masonry assemblage, and the

quality of workmanship [12].

The only durability test in ASTM for concrete masonry units is
that for water permeance of the masonry assemblage. Water pefmeance
testing is an attempt to simulate the effects of wind-driven rain.
Water permeance is measured in terms of the amount of water passing
through a wall under a standard pressure gradient, and is covered

in ASTM E514 (Water Permeance of Masonry).
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3. SPECIMENS’ DESCRIPTION AND DESIGN
3.1 Description of Specimens

3.1.1 General. As shown in Figure 3.1, the three Type 2
specimens are coupled walls. The specimens rest on a reinforced
concrete base beam. The specimens have one central door opening
3.33 £t (1015 mm) wide and 8.0 ft (2440 mm) high without a lintel
over the opening. They are two-story concrete block walls 8.0 ft
(2440 mm) high, 6 inches (150 mm) thick, and 16.67 ft (5080 mm)
long, with floors 8 inches (200 mm) thick, and extending 3.0 ft (914

mm) from the lateral faces of the wall.

The specimens are designed to represent an internal shear wall
in a two-story building with a flat roof. The prototype shear walls
are 16.67 ft (5080 mm) long, and are assumed to be 20 ft (6096 mm)
apart. A possible location of the specimen within the prototype
building is shown in Figure 3.2. The walls of the prototype
building are assumed to be rigidly connected to an immovable

foundation.

The coupled wall element designations are shown in Figure 3.3.
The walls are denoted as first-story and second-story walls; and
with the base of the coupled wall considered the first floor, the

floors slabs are designated as second-story and roof.

The second-floor and roof are replicated in the models by a
floor slab extending 3.0 ft (914 mm) from each face of the wall.
It was assumed that the effective floor width contributing to the
stiffness and strength of the wall would lie within this width [4].

12
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Under gravity loads, the floor system can act in either of two

different ways:

1) 1If the floors span perpendicular to the plane of the coupled
walls, the tributary floor load is carried by the coupled walls
in the prototype building.

2)‘ If the floors span parallel to the plane of the coupled walls,
the floor load is not carried by the coupled walls in the

prototype building.

In either case, the floor loads on the prototype coupled walls must

be accurately replicated in the test specimens.
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3.1.2 Overall Description of Specimen 2a. The floors, without
lintels, were assumed to span perpendicular to the coupled walls
(Fig. 3.4). In such a situation, it would be wunrealistic in
practice to construct a floor of precast planks, as the planks would
have no bearing surface at the wall openings without 1lintels.
Therefore, the floors were assumed to be of cast-in-place reinforced

concrete, 8 inches (200 mm) thick.

3.1.3 Overall Description of Specimen 2b. The floors were
assumed to span parallel to the shear walls, whicb have no lintels
at the openings (Fig. 3.4). As is typical of such construction, the
floors were assumed to be of precast, prestressed concrete planks,
6 inches (152 mm) thick, with a 2-inch (50 mm) thick reinforced

topping of cast-in-place concrete.
3.2 Specimen Design and Details

3.2.1 General. The coupled wall system was considered as part
of the prototype building (Fig. 3.2). The elements of the coupled
wall system were designed using the general provisions of the 1985
Uniform Building Code [13] for gravity and seismic loads. Although
the 1988 Uniform Building Code [10] is the most current code, the
1985 UBC is used throughout because the preliminary design was
performed in September 1987. The desired behavior for the specimens
was a ductile flexural failure. The wall shear reinforcement and
slab transverse reinforcement were designed based on the flexural

capacity of the specimens.
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3.2.2 Structural Design and Details of Walls. Vertical
reinforcement was designed'based on the seismic provisions of the
1985 Uniform Building Code [13] for Zone 4. The shear reinforcement
was designed based on the flexural capacity of the specimens. A
detailed explanation of the design is given in Appendix A of this

thesis, and is taken from Reference 14.
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Block Layout for All Specimens

The walls were constructed of hollow lightweight units
measuring 6 inches thick by 8 inches high by 16 inches long (152 x
203 x 406 mm) for full units, and 8 in. long (203 mm) for half units
(Fig. 3.5). All full units are open at one end. All courses with
horizontal reinforcement were laid using bond-beam units with one
open end. Units were laid in running bond as shown in Figures 3.6

and 3.7 for Specimen 2a and 2b, respectively.

Figure 3.5 Concrete Masonry Units: Full and Half Unit
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Figure 3.7 Specimen 2b Block Layout
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Wall Reinforcement for All Specimens

Wall reinforcement is arranged as shown in Fig. 3.8 for
Specimen 2a and Specimen 2b. Vertical reinforcement consisted of
5 #4 bars (13 mm) placed at 16 in. centers (406 mm) in each wall (p,
= 0.00248). Vertical reinforcement was lap spliced to dowels in the
base, using a 40d lap (20 in. or 510 mm). Horizontal reinforcement
in the first-story was #4 bars (13 mm) every course (p, = 0.00444).
Horizontal reinforcement in the second-story was #4 bars in every
other course (p, = 0.00222). All horizontal bars were anchored to

the end vertical bars with 180-degree hooks.
3.2.3 Structural Details of Floors.
Specimen 2a Floor Slab

Floors were made of cast-in-place concrete, 8 in. (203 mm)
thick.

As shown in Figure 3.9, transverse reinforcement in the top of
the slab consisted of #5 bars (16 mm) spaced at 10 in.(254mm) with
a p = 0.00388, and in the bottom of the slab, of #4 bars (13 mm)
spaced at 10 in. (254 mm) with a p = 0.00250. Transverse
reinforcement requirements were governed by the required flexural
capacity, in the prototype building, of a continuous slab spanning
20 ft. (6096 mm) between the shear walls [2]. Longitudinal

reinforcement requirements are governed by shrinkage and temperature
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Figure 3.9 Specimen 2a Slab Reinforcement Detail

steel requirements for the prototype building. Longitudinal
reinforcement consisted of #3 bars (10 mm) spaced at 12 in. (305
~mm). As shown in Fig. 3.9, additional longitudinal reinforcement,
consisting of four #4 bars (13 mm), was placed in the slab directly
over the shear walls to provide extra flexural strength in the
portion of the slab which was envisioned to act as a coupling beam
between the two walls (p = p = 0.00206). These #4 bars were
enclosed by #3 ties (10 mm) placed at 3-in. centers (76 mm) between

the walls.
Specimen 2b Floor Slab

As shown in Figure 3.10, floors consisted of two precast planks
measuring 6 in. thick (152 mm), 16.67 ft. long (5080 mm) and 3 ft.
wide (914 mm). An 8-in. thick beam (200 mm) was cast between the

planks, and a 2-in. thick topping slab was cast over them.
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#3003

WWF 6x6x6/6 Concrete Topping

Prestressed Concrete Plank

Figure 3.10 Specimen 2b Slab Reinforcement Detail

Longitudinal reinforcement for the precast planks consisted of
four GR 270 3/8 in. strands (10mm) running the length of the each
plank (p* = 0.00152). Longitudinal reinforcement requirements of
the precast slab were based on the 1985 Uniform Building Code [13]
gravity load requirements on the slab in the prototype building.
As shown in Fig. 3.10, additional longitudinal reinforcement,
consisting‘of four #4 bars (13 mm), was placed between the precast
planks directly over the shear walls to provide extra flexural
strength in the portion of the slab which acted as a coupling beam
between the two walls. These #4 bars were enclosed by #3 ties (10
mm) placed at 3-in. centers (76 mm). Topping reinforcement, based
on minimum shrinkage and temperature steel requirements for the

prototype building, consisted of WWF 6 x 6 x 6/6 (152mm x 152mm x
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5.2mm/5.2mm), placed approximately at the midheight of the 2-in.
topping slab (for top reinforcement: p = 0.00097, for bottom
reinforcement: p = 0.00090).

3.3 Material Tests

3.3.1 General. In this section, results of tests conducted on
the materials used to construct the masonry walls are described.
Masonry components, concrete, and reinforcement were tested
according to specifications mentioned in the subsequent sections.
In order to obtain representative material properties, most tests

were performed immediately after completion of the wall tests.

3.3.2 Concrete Masonry Unit Tests. To ensure basic material
uniformity, all concrete units for this and other TCCMAR tasks were
manufactured by Blocklite (Selma, Califormia). The units were
specified to be Type I units (moisture-controlled), and to conform
to the requirements of ASTM (€90 (Hollow Load-Bearing Concrete

Masonry Units).

Unit weight of two full-sized hollow units was determined by
measuring the weight of sand required to f£ill the unit holes.
Knowing the bulk specific weight of the sand, the net volume of the
unit was calculated as the difference between its gross volume and
the sand volume. The units were 15-9/16 in. long, 5-5/8 in. wide,
and 7-1/2 in. high. Their average unit weight was 99.0 1b/£ft?, and
their average area ratio (net volume/gross volume) was O0.6.

Complete results are given in Table 3.1.
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To determine compressive strength, 3 units were tested in
accordance with ASTM Cl140 (Sampling and Testing Concrete Masonry
Units). Compressive strength was calculated using both the gross

and the net area. Results are given in Table 3.2.

Unit | Weight Gross Vol| Net Vol Unit Weight
(1b) (££%) (£t?) (pef)
1 22.72 0.380 0.228 99.6
2 22.64 0.380 0.230 98.?
Av 99.0

Table 3.1: Results of Concrete Block Unit Weight Measurements

Unit Load : Compressive Strength
(Kip) (psi)
Gross Area Net Area
1 74.25 848 1414
2 64.58 737 1230
3 79.88 912 1521
Av 830 1390
cov 11% 11%

Table 3.2: Results of Concrete Block Unit Compressivé Strength Tests
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3.3.3 Mortar Tests. The mortar conformed to the proportion
specification for Type S mortar as specified in ASTM C270 (Mortar
for Unit Masonry). It was proportioned (by volume) to have 1 part
of portland cement, 1/2 part hydrated lime, and 4-1/2 parts of

masonry sand.

a) Portland cement conformed to Type I (general purpose) of
ASTM C150 (Portland Cement). ‘

b) Lime conformed to Type S of ASTM C207 (Hydrated Lime for

Masonry Purposes).

c) Sand was natural, and was specified to conform to ASTM

Cl44 (Aggregate for Masonry Mortar).

Tests were conducted using both laboratory and field mortars.
Before building the specimens, flow tests were conducted on
laboratory mortars, to establish a water content giving a flow of
just over 110. Two-in. mortar cube specimens were taken from this
mix and tested to provide an index of relative mortar strength and
quality to enable a comparison to be made with similarly tested
mortars used by other researchers. Results are summarized in Table
3.3.



Specimens Age Average Coeff.
Compressive of
Strength Variation
(days) (psi)
3 2-in. cubes 14 3260 43
3 2-in. cubes 31 3380 3%

Table 3.3: Laboratory Mortar Test Results

27

During construction of each story of the specimens, flow tests

were conducted on field mortars taken from the mason’s board.

Two -

in. (51-mm) cube specimens were taken and tested in accordance with

ASTM C780 (Preconstruction and Construction Evaluation of Mortars

for Plain and Reinforced Concrete Masonry).

In some cases,

additional 3- x 6-in. (76- x 152-mm) cylinders and 2- x 4-in. (51-

X 102 mm) cylinders were taken and tested.

in Table 3.4.

Results are summarized
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Sample Specimens Age Average Coeff,
Compressive of
Strength Var.
(days) (psi)
Sp-2a 3 2-in cubes 16 800 3%
Story 1
2 3-in cyl. 16 600 -
3 2-in cubes 28 690 10%
5 3-in cyl. 113 1150 5%
(test)
Sp-2a 3 2-in cubes 76 1230 2%
Story 2 (test)
Sp-2b 9 2-in cubes 156 1640 13%
Story 1 (test)
4 2-in cyl. 156 1330 4%
(test)
Sp-2b 9 2-in cubes 100 1770 9%
Story 2 (test)
7 2-in cyl. 100 1650 10%
(test)

Table 3.4: Field Mortar Test Results

3.3.4 Grout Tests. The grout conformed to the coarse grout
specification of ASTM C476 (Grout for Masonry). Proportions (by
volume) were 1 part portland cement to 3 parts masonry sand to 2
parts pea gravel. To control water loss and shrinkage of the grout,

Type 2 Grout-Aid, manufactured by Sika, was used at a dosage of one
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pound of Grout-Aid to one bag of cement. Sand and pea gravel

conformed to ASTM C404 (Aggregates for Masonry Grout).

During the grouting of each story, 3-in. (76-mm) grout prisms
were formed in absorptive molds in accordance with ASTM C1019. They
were subsequently tested in accordance with ASTM €39 (Standard
Method of Test for Compressive Strength of Cylindrical Concrete
Speéimens). Additional 2-in. and 3-in cylinders were taken from
grout poured in hollow units using a core drill and were then

tested. Results are summarized in Table 3.5.

3.3.5 Prism Tests. During the construction of each story the
mason constructed several full unit prisms, each 3 units high. The
prisms wefe grouted simultaneously with the walls, consolidated
using the same mechanical vibrators, and cured under the same
conditions as the walls. Compression tests were performed in
accordance with ASTM E447 (Compressive Strength of Masonry Prisms).

Results are summarized in Table 3.6.
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Sample Specimens Age Average Coeff.
Compressive of
Strength Var.
(days) (psi)
Sp-2a 3 3-in. prism 28 5320 5%
Story 1
1 3-in. prism | 104 5410 -
(test)
5 3-in. cores 104 4040 19%
(test)
Sp-2a 3 3-in. prism 69 4690 8%
Story 2 (test)
4 3-in.: cores 69 4420 10%
(test)
Sp-2b 4 3-in. prism | 154 5480 6%
Story 1 (test)
3 2-in. cores 154 3250 9%
(test)
Sp-2b 4 3-in. prism 88 4930 10%
Story 2 (test)
3 2-in. core 88 2470 27%
(test)

Table

3.5: Grout Test Results
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Sample Specimens Age Average Coeff.

Compressive of
Strength Var.
(days) (psi)

Sp-2a 3 prisms 104 2020 19%

Story 1 (test)

Sp-2a 4 prisms 69 2340 8%

Story 2 (test)

Sp-2b 4 prisms 154 3090 10%

Story 1 (test)

Sp-2b 4 prisms 88 2510 l4s

Story 2 ] (test)

Table 3.6: Prism Test Results

3.3.6 Concrete Tests. All concrete used was generally in
accordance with the requirements of ACI 318-83 [15]. Concrete for
the base beams had a specified compressive strength of 6,000 psi
(41.4 MPa). Concrete for the floor slabs had a specified
compressive strength of 4,000 psi (27.6 MPa).

During the pouring of each floor slab, 6-in. (152-mm) diameter
cylinder specimens were taken in accordance with ASTM C31 (Making

and Curing Concrete Test Specimens in the Field), and were



subsequently tested in accordance with ASTM C39.

summarized in Table 3.7.
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Results are

Sample Specimens Age Average Coeff.
Compressive of
Strength Var.
(days) (psi)
Sp-2a 3 6-in. cyl. 7 4250 12%
Floor 2
3 6-in. cyl. 90 5280 1ls
(test)
Sp-2a 5 6-in. cyl. 57 3660 9%
Roof (test)
Sp-2b 6 6-in. cyl. 117 5220 2%
Floor 2 : (test)
Sp-2b 5 6-in. cyl. 65 3670 6%
Roof (test)
Table 3.7: Slab Concrete Test Results

3.3.7 Reinforcement Tests.
of ASTM A615 (Deformed

Reinforcement).

Reinforcement}conformed to Grade 60

and Plain Billet Steel Bars for Concrete

Within each bar size, all reinforcement for each specimen was

intended to be taken from the same heat.

However, due to an
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oversight in ordering materials, the reinforcement in Specimen 2a

came from multiple heats.

Specimens from each heat of reinforcement were tested in
tension, and stress-strain curves were obtained. Deformations were
measured using a Tinius-Olsen extensometer over a 8-in. gauge
length. Only cases in which the specimen fractured within the gauge
length were considered. Typical stress-strain curves are given in

Fig. 3.11 - 3.14.



Stress [Ksil

Stress [Ksil

120
34

100 —

80

60

40

20

0 .02 .04 .08 .08 R a2 14
Strain [in/in]

Figure 3.11 Typical Stress-Strain Curve for Specimen 2a & 2b
Dowel Reinforcement

120

100 p———

ao o

60

40

20

0 .02 .04 .06 .08 R Az 14
Strain lin/in}

Figure 3.12 Typical Stress-Strain Curve for Specimen 2a Vertical
Reinforcement



Stress [Ksi]

120

100

ao

=)
[+]

>
o

20

.02

Strain fin/inl

35

Figure 3.13 Typical Stress-Strain Curve for Specimen 2a Longitudinal

Stress [Ksil

120

100

80

-3
o

>
[=]

20

Figure 3.14 Typical Stress-Strain Curve for Specimen 2b
Reinforcement except Starter Rebars

Reinforcement of Slabs

/

7

.02

Strain [in/in]



4, CONSTRUCTION OF SPECIMENS
4.1 General

The specimens were constructed in the Phil M. Ferguson
Structural Engineering Laboratory, located at the Balcones Research
Center of the University of Texas at Austin. The general
construction sequence is given in Section 4.2. Each step of the
construction sequence is then discussed further in subsequent

sections [2].

Many of the items in the construction sequence were not related
to the specimens, but rather to the test setup: base beams,
vertical and lateral loading frames, and sway braces. These items
were designed to be used with both the Type 1 and the Type 2
specimens, and were designed in accordance with the predicted
lateral load capacity of the Type 1 specimens, which was predicted
to exceed that of the Type 2 specimens [2].

4.2 Construction Sequence

1) Two precast concrete base beams were constructed.

2) The first-story wall was built on one of the precast concrete

base beams,
3) The formwork for the second-floor was erected.

4) The first-story walls were grouted.

36



5)

6)

7)

8)

9)

10)

11)

12)
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For Specimen 2a, the steel for the second-floor slab was placed,
and the second-floor slab was cast. For Specimen 2b, the
precast planks for the second-floor slab were placed. The
reinforcement was then placed and the second-floor slab was

cast.

After checking the concrete compressive strength, the formwork

was removed and the floor was re-shored.
The second-story wall was built,

The formwork was re-erected on the second-floor. The first-
floor sway braces were attached, and temporary bracing was
attached from the top of the second-story wall to the reaction
wall.

The second-story wall was grouted.

For Specimen 2a, the reinforcement for the roof was placed, and
the roof slab was cast. For Specimen 2b, the precast planks for
the roof were placed. The reinforcement was then placed and the

roof slab was cast.
After checking the concrete compressive strength, the formwork
and re-shores were removed, and permanent sway bracing was

attached to the roof slab.

The loading hardware was attached to the reaction wall.
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13) The hydraulic actuators were attached to the loading hardware,

and the necessary hydraulic connections were made.

14) After exercising the actuators to flush the lines, the

servocontrollers were connected and calibrated.

15) The loading beams were connected to the specimen, and the

actuators were connected to the loading beams.

16) The vertical loading frame was erected, and the necessary

hydraulic connections were made.
17) The data acquisition system was connected and checked out.
4.3 Construction of Concrete Base Beams

The reinforced concrete base beam was constructed in two halves.
outside the laboratory. Both halves were poured at the same time
using ready-mixed concrete. Three 6-in. (152 mm) diameter cylinders
were taken during the pouring of the beams. The concrete was
vibrated into place using electric vibrators. Each part had five
#4 (13 mm) vertical dowels (starter bars) for the wall
reinforcement. Horizontal reinforcement was left protruding, and

a shear key was provided at one end.

After the two halves of the base beam had cured for 14 days,
they were transported into the laboratory and placed in position
with the 25-ton overhead traveiling crane. The protruding
longitudinal bars from each half were lapped and surrounded with
ties. The two halves were then joined by casting a small make-up

piece in the center.
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To permit two specimens to stand at once in the laboratory, two
concrete base beams were constructed and placed on the laboratory
floor. The concrete base beams are shown in Figure 4.1. The
foundation dowels for the first-story of the first two specimens
were cast in place with the beams, and later cut to the
predetermined length. The base beams were re-used for subsequent
tests. After the first two specimens were tested and removed, the
old foundation dowels were cut off flush with the ‘base. For
subsequent tests, holes were drilled 14 inches deep in the base
beam, and new foundation dowels were inserted and secured with an

epoxy-based structural adhesive.

Figure 4.1 Concrete Base Beams
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4.4 Construction of Masonry Walls

All masonry walls were laid by an ekperienced mason in running
bond, as shown in Figures 4.2 - 4.3. The first-story walls were
constructed using bond beam units for every course. After the walls
were built to their full height of 8.0 ft (2440 mm) and the first-
story formwork was erected, all cores were grouted using a single
lift. Grout was consolidated using 3/4-in. electric vibrators. The
vibrators were placed in the cores and turned on. Grout was plaéed
in the cores, and the vibrators were slowly withdrawn during the
grouting operation. Grouting of the walls is shown‘in Figures 4.4 -

4.5. The second-story walls were similarly constructed, the only
exception being that the horizontal reinforcement was only placed
in every other course in bond beam units, and the alternate courses

were built with full units.

For Specimen 2a in order to check for grout flaws and voids in
the walls , nondestructive testing was performed on the walls prior
to testing by a participating TCCMAR group [16]. The two test
methods used were the Japanese "Beat-wall" mechanical pulse flaw
detection system, and the through-wall ultrasonic pulse velocity
method. Suspicious areas were marked to be checked after testing.
When testing was completed, grout was exposed in the marked areas
by chipping away the concrete masonry unit. No evidence of grout

flaws or voids was found.



Figure 4.3 Completed Construction of Masonry Wall




Figure 4.4 Placing

Grout in Masonry

Walls
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Figure 4.5 Vibrating Grout in Masonry Walls after Placement
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4,5 Construction of Slabs

4.5.1 Formwork for Slabs. Formwork consisted of 3/4-inch
plywood on 2- x 4-inch joists spaced at 16 inches. The formwork was
made in four sections (two for each side of the specimen), erected
on 4- x 4-inch timber shores and bolted together. Each shore was
topped by a steel screw jack, used for leveling the forms before
pouring, for removing the forms after curing, and for preloading the
re-shores against the underside of the finished slab. Pairs of
shores, 3 ft. apart, were spaced at 4-foot centers. The formwork

is shown in Figure 4.6,

4.5.2 Reinforcement for Slabs. For both specimens, a
reinforcement cage was constructed to run the length of the wall at

the slab-wall connection.

For Specimen 2a, the slab reinforcement was placed in two
layers, each supported on steel slab bolsters. Numerous plastic
pipes were attached to the formwork and the reinforcement to provide
bolt holes for the attachments to the lateral loading frame and the

sway bracing. Figure 4.7 shows the reinforcement for Specimen 2a.

For Specimen 2b, the slab reinforcement consisted of welded wire
fabric placed on top of the precast planks. The bolt holes for the
attachments to the lateral loading frame were drilled after casting
the slab topping. Figure 4.8 shows the reinforcement for Specimen
2b.



Figure 4.6 Formwork

Setup for Roof Slab
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Load Specimen Base Top
Pt Behavior Shear Displacement
kips kN inches| mm
39 | Flexural cracking 24.2 | 107. 0.036] 0.3
of tension wall
58 | Flexural cracking 24.2 | 107. 0.045| 0.4
of compression
wall
95 | Yield of 48.3 | 22s. 0.11 | 1.8
longitudinal steel
in tension wall
131 | Cracking and yield| 58.5 | 260. 0.16 | 4.1
of both slabs;
yield of
compression wall
169 | Cracking of bottom| 62.4 | 277. 0.24 | 6.1
of both slabs
170 | Flexural cracking | 66.8 | 297. 0.28 | 7.1
above lap splices
207 | Diagonal cracks in| 73.2 | 325. 0.41 | 10.4
tension wall
279 | Diagonal cracks in{ 86.7 | 385. 0.86 | 21.8
compression wall

Table 7.1: Observed Behavior of Specimen 2a (September 10-14, 1988)

Northward Loading.

(Page 1 of 2)
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Load Specimen Base Top
Pt Behavior Shear Displacement
kips kN inches| mm
317 | Toes of both walls| 89.4 | 397.7 1.13 28.7
| start to crush;
wide flexural
cracks at wall
bases and splices
357 | Maximum load 95.9 | 426.6 1.69 42.9
384 | Face shells spall 77.9 | 346.5 1.67 | 42.4
at toe of
compression wall
414 | Extreme 80.5 358.1 2.23 56.6
compression bar
buckles in
compression wall;
walls slide on.
base

Table 7.1: Observed Behavior of Specimen 2a (September 10-14, 1988)

Northward Loading.

(Page 2 of 2)



Load Specimen Base Top
Pt Behavior Shear Displacement
kips kN inches| mm
43 Flexural cracking 24.3 | 108. 0.037} 0.9
of tension wall
99 | Yield of 48.6 | 216. 0.10 | 2.5
longitudinal steel
in tension wall
135 | Cracking and yield| 54.5 | 242. 0.14 | 3.6
of both slabs;
yield of
compression wall
247 | Diagonal cracks in| 71.2 | 316. 0.57 | 14.
‘| tension wall
284 | Diagonal cracks in| 77.7 | 345, 0.84 | 21.
compression wall;
toes of both walls
start to crush
361 | Maximum load 84.7 | 376. 1.64 | 41.
386 | Face shells split 72.6 | 322, 1.63 | 41.
: at toe of
compression wall
397 | Fracture of 45.9 | 204. 1.63 | 41.
extreme tension
bar of tension
wall
418 | Longitudinal and 63.5 | 282. 2.17 | 55.
lateral sliding of
walls
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Table 7.2: Observed Behavior of Specimen 2a (September 10-14, 1988)

Southward Loading.
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Cracking at Load Point 284
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Figure 7.17d Sp. 2a: Progression of Wall Cracking at End of Test
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Figure 7.18c Sp.2a: Progression of Cracking of Bottom Face of
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loops became more oval in shape. At the last 200% FME load point
cycle, flexural cracks widened at the base of the walls, and formed
above the longitudinal reinforcement splice in both first-story
walls. On the north side of the seéond-story south wall,

contraflexure cracking was beginning below the roof slab.

During the next load series at a baée shear of about 400% of the
First Major Event base shear, each lower-story wall, when placed in
compression due to overturning, experienced yield of the
longitudinal steel on its tension side. At Load Point 131, this
occurred at a base shear of 58.5 kips and a top displacement of 0.16
inches, as the wall was being loaded in the northward direction
(Figure 7.9(a)). Vertical cracks became visible at the north wall
compression toe. The crack widened at the base of the first-story
south wall at the south side. First cracking and yielding occurred
on the top face of both slabs. Flexural cracks formed completely
across the top face of both slabs on the north opening edge, and -
began on the bottom face of the slabs at the south edge of the wall
opening. The crack width in the slabs was about one-sixteenth to

one-eighth of an inch.

As shown in Figure 7.15, yielding of the second-floor slab did
not occur until Load Point 279, and as shown in Figure 7.16 yielding
of the roof slab does not occur until Load Point 242. This yielding
corresponds to a crack running across the slabs at the location of
the strain gauges. Considering both the crack width and the fact
that the strain gauges showed steel yielding at the gauge location,
it is believed that the longitudinal slab steel yielded as soon as
the slabs cracked. The slab cracking accounts for some of the loss

in stiffness that appeared on the plotter at that point,
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At Load Point 135, the base shear was 54.5 kips and the
deflection was 0.14 inches, under load towards the south at about
400% of the First Major Event base shear. Both slabs cracked and
yielded on the top face on the south side at this load level in the
south loading direction. Flexural cracking began on the bottom face

of both slabs on the north edge of the wall openings.

At this point, the test setup was switched to displacement

control.

The next loading series was at a displacement of about 800% of
the First Major Event Hisplacement of 0.036 inches. At Load Point
169, cracking continued on the bottom face of both slabs, while
loading to the north at a base shear of 62.4 kips and a top
displacement of 0.24 inches. At Load Point 170, the top
displacement was 0.28 inches (about 800% of the First Major Event), .
and the base shear was 66.8 kips. At this level, flexural cracking
occurred above the base longitudinal splices in the first-story
walls. When loading southward at 800% of the First Major Event,
similar cracking occurred. At Load Point 175, the base shear was

58.2 kips, and the top displacement was 0.28 inches.

At Load Point 207, approximately 1200% of the First Major Event
displacement, diagonal shear cracking began in the first-story south
wall. As shown in Figure 7.13(a), this was not accompanied by
yielding of the transverse steel. The base shear was 73.2 kips, and
the top displacement was 0.41 inches to the north. Flexural
cracking began along the second-story base of the south wall.
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When loading southward at a top displacement approximately 1600%
of the First Major Event displacement, diagonal shear cracking began
in the first-story north wall at Load Point 247. Figure 7.11(b)
shows that the transverse steel did not yield. The base shear was
71.2 kips and the top displacement was 0.57 inches. Both slabs had
developed additional cracking on their top and bottom faces.

The next event occurred at Load Point 279, when the base shear
was 86.7 kips and the top displacement was O0.86 inches,
approximately 2400% of the First Major Event displacement. Diagonal
cracking began in the first-story north wall when loading to the
north. At Load Point 284, when loading to the south at a base shear
of 77.7 kips and a top displacement of 0.84 inches, diagonal cracks
formed in the first-story south wall. The toes of both bottom walls
started to crush when the walls were placed in compression. Cracks
developed across the top and bottom faces of both slabs away from
the wall opening edges and. propagated towards the middle of each
wall. While cycling at this level, a 1/4-inch crack would open at
the base bed joint of the first-story north wall on the north edge.

During the next load series, at a displacement approximately
4800% of the First Major Event displacement, the maximum load was
reached in both directions. 1In the north direction, the maximum
base shear was 95.9 kips at a top displacement of 1.69 inches (Load
Point 357). In the south direction, the maximum base shear was 84.7
kips at a top displacement of 1.64 inches (Load Point 361). New
diagonal cracks formed on the south first-story wall. During this
loading series, the face shells spalled at the toe of both walls

when these were in compression due to overturning.
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At Load Point 397, when loading up to 6400% of the First Major
Event towards the south, the base shear was 45.9 kips and the top
displacement was 1.63 inches. The extreme tension bar (north) in
the first-story north wall fractured, generating a loud noise.
Fracture of this bar is shown in the top displacement-base shear
history (Figure 7.5). At Load Point 414, the maximum top
displacement to the north of 2.23 inches was reached and the base
shear was 80.5 kips. The extreme compression bar (north) buckled
at the base of the first-story north wall. At that time, both walls
were sliding longitudinally on the base up to 0.5 inches as shown
in Figures 7.7 .and 7.8. They were also displacing laterally.

At Load Point 418, the walls were sliding both longitudinally
and latefally. The maximum top displacement to the south of 2.17
inches was reached, and the base shear was 63.5 kips. Due to safety

concerns regarding the lateral movement, the test was stopped.

The north wall had a final in-plane displacement at the base of
0.25 inches to the north. The south wall in-plane displacement at
the base was 0.5 inches. The out-of-plane displacement for the
north wall varied from 1/2 to 9/16 inches. The south wall

displacement varied from zero to 3/4 inches.
7.3 Experimental Results for Specimen 2b

7.3.1 Test Summary, Specimen 2b. The Sequential Phased
Displacement Loading history [19] was followed using the
modifications discussed in Section 5.3.2. The history is shown in
Figure 5.12.
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Before the testing began, the specimen was accidentally loaded
when the first-story ram on the east side began to extend after
being connected to the load transfer beam. As shown in Figure 7.22,
hairline diagonal cracks formed in each wall. The bed joint on the
concrete base beam was cracked at the south end of the south wall.
Local cracking also occurred in the roof slab near the south sway
brace plate. This problem was due to a malfunction of the Pegasus
Closed Loop Servocontroller System’s servo system module. The

module was replaced, and the problem did not re-occur.

Testing began under load control. The 1oading‘program began by

cycling at progressively increasing load until the First Major Event

was reached.
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The First Major Event was to be defined as yielding of the
first-story walls. Due to problems encountered while testing,
however (discussed in Subsection 7.3.8) the First Major Event was
actually defined as a base shear of 44 kips, and a top displacement
of 0.20 inches.

The maximum base shear was 88.1 kips, at a maximum top
displacement of 3.46 inches for the north loading direction, and
78.3 kips at a maximum top displacement of 3.10 inches for the south

loading direction.

The final wall state included loss of the compression toes for
both walls when loading to the north, and crushing of the south wall
compression toe when loading to the south. Both walls had residual
in-plane and out-of-plane displacement. Figures 7.23 to 7.25 show
the final state of the walls.

7.3.2 Lateral Displacement of the Wall, Specimen 2b. The top
displacement history is shown in Figure 7.26. The maximum
displacement was in the north direction at 3.46 inches,
corresponding to a story drift of 1.70%. The maximum displacement

in the south direction was 3.10 inches (1.52% story drift).

7.3.3 Load-Top Displacement History, Specimen 2b. The history
of top displacement versus base shear for the entire test is shown
in Figure 7.27. The envelope of the history is shown in Figure
7.28.

7.3.4 Slip befween Wall and Base, Specimen 2b. The wall base
slip relative to the base is shown in Figure 7.29 and 7.30.



119

Figure 7.23 Sp. 2b: First Story of North Wall at End of Test
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Figure 7.24 Sp. 2b: First Story of South Wall at End of Test
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Figure 7.25 Sp. 2b: Base of South End of First Story of South
Wall at End of Test
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Slip at Base of First Story of North Wall

Figure 7.30 Sp. 2b: Slip at Base of First Story of South Wall
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7.3.5 Strain in Longitudinal Reinforcement, Specimen 2b. All
pertinent figures show longitudinal strains normalized by yield
strain for various load points. Figures 7.31 to 7.32 show the
strain profile for the longitudinal bars at the bases of the north
and south walls. Figures 7.33 to 7.34 show the strain profile for
the longitudinal bars at the intersection of the top of the first-
story walls and the second-floor slab. Figure 7.35 to 7.36 show the
strain profile for the longitudinal bars at the bases of the second-
story walls. Figures 7.37 to 7.38 show the strain profile for the
longitudinal bars at the intersection of the top of the second-story

walls and the roof slab.

7.3.6 Strain in Transverse Reinforcement, Specimen 2b. The
transverse strain gauge readings normalized by the yield strain are

shown in Figures 7.39 to 7.42.

7.3.7 Strain in Longitudinal Beam Reinforcement, Specimen 2b.
The beam, lying between the precast planks of the floor slabs, had
strain gauges placed as shown in Figure 5.11. Figures 7.43 to 7.44
show the strain gauge readings normalized by the yield strain value

for the steel.

7.3.8 Detailed Test Description, Specimen 2b. Test observations
are summarized in Tables 7.3 and 7.4, and are described in detail
in the following paragraphs. The progression of cracking is shown
in Figures 7.45 through 7.49.
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Figure 7.31b Sp. 2b: Strain in Longitudinal Reinforcement at Base
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