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ABSTRACT

Behavior of typical timber roof conne:tions used in single~story
masonry residential construction subjected to cyclic loads is the subject
of this report. In order to assess the adequacy of connections in
transferring roof inertia loads developed during earthquake ground
motions, five basic types of roof-to-masonry wall connection mock-ups
comprising a total of nineteen models were subjected to displacement
controlled load tests using both in-plane (along the wall) and out-of-
plane (transverse to wall) forces. The five types of connections
contained load bearing and non-load bearing connection details of both
gabled truss and flat roof construction. Behavior of the connections
is described in terms of the deformations of the various components
comprising the assembly. By examining the mode of failure and the
code allowable loads on bolted and nailed connections, the margin of
safety inherent in current code requirements is determined. From
tlie test results, it appears that the connection of the truss rafters to
bearing and non-bearing walls, as implemented in the program, was
adequate. However, for connections employing ledgers supplementary
anchorage devices need to be used since bolts tend to fail by pulling out
of the face shell of the masonry units and ledgers fail easily when

subjected to cross grain tension.
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1. INTRODUCTION

1.1 Background

The investigation described in this report is part of a research
program entitled “"Laboratory Studies of the Seismic Behav or of Single-
Story Residential Masonry Buildings in Seismic Zone 2 of ...e U.S.A.",
which has been in progress at the Earthquake Engin. -ing Research Center,
University of California, Berkeley, (EERC), since April 1976. The fact
that recent changes were made by the Department of Housing and Urban
De-relopment (HUD) in the Minimum Property Standa ‘ds for One and Two

*
) reflecting the Seismic Zone 2 status recently designated

Family Units
for Arizona and parts of Utah, provided the impetus for HUD to request
that the ressarch be undertaken. The promulgat .on of "Local Acceptable
Standard No. 2", by the HUD office in Phoenix, Arizona, was questioned

by the local housing industry on the grounds that compliance with its
requirements would lead to increased costs and unnecessarily high factors
of safety fo. earthquake loads. The research program undertaken at EERC
was designed to address the following areas of uncertainty:

(1) To observe the seismic behavior of masonry structures con-
structed ‘rom full-scale components when subjected to simulated earthquake
motions.

(2) To determine the reinforcement requirements for the in- and out-
of-plane resistance of typical masonry housing construction for the level
of seismic excitation expected in UBC Zone 2 areas of the U.S.

(3) “» determine the adequacy of typical roof connection details

of masonry housing construction in resisting forces developed during

seismic excitation.

*
Numerals in .arentheses refer to itoms cited in the References.



An integral part of the overall study has been the identification
and evaluation of the mechanisrs through which inertia forces generated
at the roof level are transmitted to the masonry components and ultimately
to the foundation. Strength, energy absorption properties and failure
characteristics of various types of conrectione used in masonry construction
in Arizona and Utah were investigated. For this purpose, five distinct
groups of connections were identified and a total of 19 mock-up models
comprising these groups was fabricated and tested. Three of these groups
were typica. of gable roof construction, while the other two w re typical
of flat roof construction.

This report is intended to serve as a companion volume to two further

reports 2,3) which will address the first two items above.

1.2 Literature Review

Examination of damage in low-rise buildings during the San Fernando
earthquake prompted the recommendation that the connection between the roof
diaphragm and the supporting walls should be improved (4'5). It was also
recommended that criteria be developed to provide realistic design forces
and detail requirements for connection of these elements. The use of steel
joist anchors to anchor walls to the roof framing members was suggested as
one effective method for improving roof-to-wall connections. Also, improved
continuity of wall construction at the corners of roof diaphragms, tying

purlins as well as joists and other members together, in addition to the

plywood sheathing were cited as possible remedial measures. Essentially,

(6) (7)

the same topics were suggested for further study by Amrhein and Meehan .

A major study on the seismic design and construction of single-family

(8)

dwellings by Goers and Assoc. presents recommendations for the anchorage

of roof structures to load resisting walls.



Code requirements for allowable loads for various types of connections
include significant factors of safety to allow for the great variabilijty
in the quality of workmanship encounterel under field conditions. In
addition, these allowable loads are based only on monotonic load test data
since to the best of the authors' knowledge, research specifically aimed
at the seismic behavior of timber connecticns has not been reported in the
literature. It is generally recognized that methods for the design and
analysis of timber construction are less developed than for most other
building materials in spite of the fact that approximately three-fourths
of all residential housing in the U.S. is currently constructed with
wood(g). Because of the wide natural variation in the physical properties
of wood, allowable stresses for design have generally been determined with
wider margins of safety than for other materials of construction. While
this conservative app:oach has resulted in few structural failures, it may
at times be uneconomical.

Timber roof elements are joined together by nails or spikes to form
the completed roof assembly. Allowable loads for nails are given in

design handbooks (1¢? or the Uniform Building Code(ll)

, an.’ are based
on test data (furnished by National Forest Products Laboratory) which have
been reduced by a factor of safetv of approximately 5 for deflection controi.

Wilkinson (12+13)

presented an ana.ysis for the lateral resistance of
nailed timber joints witk similar or dissimilar members. His results
indicated that a mathematical formulation could be developed to predict
the load-slip re “ion for such joints. Moreover, a constant deflection
value of 0.011 in. was suggested as the upper limit of the proposed

relationship between the applied load and the resulting slip. For the most

part, these studies were limited to monotonically applied forces; i.e.,

the effects of load reversals were not considered.




Sufficiently reliable methods are available for the analysis of
flat roof diaphragms subjected to lateral forces (e.g., see references
(14), (15)). Possibly because of the historical development of roof
diaphragms these methods relate to straight, diagonally or double diagon-
ally sheathed lumber diaphragms or to plywood diaphragms which are more
commonly used today. The diaphragm proper is assumed to be firmly
anchored to the end walls, and no consideration is given to possible de-
formation of anchor bolts or to the effects of reversed overloads.
Although it is recognized that secondary forces are cre ted in diaphragms
which do not lie in a single plane, such as when a curved or pitcl. 4 truss
is used, no reliable method appears to have evolved for the structural

analysis of such stru;tures(l4).

The size and spacing of anchor bolts
are determined on the basis of code requirements which are presumably
based on large factors of safety. A chronological listing of studies on

wood and plywood diaphragms is contained in reference (16).

1.3 Object and Scope

The investigation reported herein was aimed at determining the
strength and cyclic behavior of typical roof connections used in masonry
residential construction in the less seismically active areas of the U.S.
Five basic groups ol connections were selacted for testing. These included
load bearing and nrun-load bearing connection mock-ups of both gable and
flat roof construction. Cyclic in-plane and out-of-plane f{orces were
applied .o the models representing gable roof connection details. For
flat roof models only transverse forces (applied normal to the plane of the
wall supporting the roof) were considerec; the time variation was a
haversine wave.

In addition to the basic types of connections represented by the
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2. THE TEST STRUCTURES

2.1 Selection of the Test Specimens

An important consideration in the determination of the types of
specimens to be included in the test program was that the data obtained
should be relevant to a parallel study in which the seismic behavior of
single-story masonry houses was being investigated experimentally on
the EERC Shaking Table(17). The transfer of inertia forces between
the timber components of a roof assembly and the masonry components of
walls during earthquake -induced base motions is a complicated phernx:menon.
In order to simulate adequately typical connection details different
configurations were considered. A truss roof structure similar to that
used in the shaking table program is shown in Fig. 2.1 together with an
exploded view of the mas.rry wall components. The trusses,spaced 2 ft apart,
comprising the roof assembly are joined together with plywood sheathing
on the inclined rafters and are supported on top of the masonry components
by a continuous top plate. Connection between the bottom truss rafters and
the top plate is provided by means of toe-nails and metal framing anchors.
The top plate is anchored to the top of the masonry walls by bolts and
plate washers. The roof diaphragm is completed by nailing drywa!l sheathing
to the bottom chords.

The experimental program involved the testing of five different typesc
of roof connection details which were subjected to either in-rl.ine (along
the wall) or out-of-plane (transverse to the wall) loads. These were both
load bearing and non-load bearing models of jabled truss and flat roof
construction. The first three types were simulations of the .:of structure
shown in Fig. 2.1.

In the sequel to this report each specimen will be referenced by a

code. The first group of characters in the code designates the type of the



roof connection, and ranges from Cl to C5. The letter S, preceding the
first group of characters, implies that transverse forces were applied
symmetrically with respect to the two bolts embedded in the masonry wall;
otherwise some eccentricity existed between the line of action of the
actuator force and the bolts. Additionally, if the letter B follows the
first group of characters, it denotes that the masonry components were
hollow clay bricks. However, all but two of the masonry walls were made
from hollow concrete block units. The second group of characters de-
signates the height of the wall portion in inches and the third is the
diameter (in inches) of the anchor bolts which were built into the
specimen and connected to the timber components during that particular
experiment. The fouith group of characters applies to three specimens

of the type designated as C3 which were either tested in-plane /IP) or had
a spevial in-plane loading configuration (SP). For type C4, the fourth
group of characters, if it exists, denotes the total weight of lead blocks
superposed on the ledger in cicor to simulute a roof dead load of 180 1lb/ft.
A detailed description of the connection models is provided in the
remainder of this section.

Por example, the specimen for which the reference code name was

SC4B-36~5/8-1450 had the following characteristics:

Connection Brick used Bolt size

type for w;;} in_inches
‘/”)';24 -3?-5/8—1450
Symmetrical Wall height, Total gravity

lcading inches load in pounds




2.1.1 Specimens of Type Cl and C2 - Load Bearing Gable Roof Connections
Subjected to In-Plane and Out-of-Plane Loads

Specimens designated as type Cl represented a portion of a load bearinca
wall subjected to in-plane loads by truss rafters located 2 ft apart. As
shown in Fig. 2.2, this type of connection mock-up included the essential
elements of the load beariny connections of Fig. 2.1. However, the
specimen did not include the inclined top truss chords. As a compromise
dictated by testing requirements the plywood sheathing was nailed directly
to the "bottom chord" elements. This g . _ of connections was tested by
applying a force parallel to the longitudinal axis of the wall in the plane
of the plywood. Each 2x4 in. rafter was toe-nailed by 16d-box nails into
the 2x6 in. top plate. In addition, a proprietary metal framing anchor
with a rated capacity of 290 1lb against uplift and longitudinal shear was
nailed to two aiternate joists. Initially, it was decided to place two
sets of anchor bolts with different diameters on each wall specimen, thus
effectively to double the number of test models with respect to this
parameter. However, during any given test only one set of bolts on each
wall was tightened with the use of a 1/4 in. thick, 24%x2% in. plate washer
and the other set was bypassed by elongating the holes in the top plate
at the proper location. The rationale behind this approach was the
observation that bolts generally were not the critical elements of the
assemblies tested. Besides nails and metal framing anchors, restraint
against rotation of the rafters was jrovided by two 8 ft long, 2x6 in.
fascia boards nailed to the two ends of the 45 in. long rafters. The
resulting frame was then enclosed with 1/2 in. plywood at the top and 1/2 ia.
thick gypsum drywall on the "inside" bottom of the rafters. The space
between the individual chords was blocked with 1x4 in. frieze boards toe=-

nailed into the rafters at each end with 8d-nails.
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All masonry wall panels were built upon 7%x16 in. strip footings
and all were 8 ft long. The footings contained 20 in. long, #4 bars
which acted as lapped dowels at the locations corr sponding to the #4
reinforcement at both ends of the walls. No attempt was made to simulate
the dead load of the roof in connections cf type Cl.

With reference to Fig. 2.1 and the orientation of the roof structure
shown there, the Cl type connections simulated the action of the truss
rafters on the load-bearing walls when the base motion occurred exclusively
in the direction of the 1-1 axis. If ground motion were to occur primarily
along the axis designated as 2-2, then the same connection would bLe
required to provide out-of-plane counstraints for the load-bearing walls
oriented normal to that direction. Connections of this type, denoted C2,
were identical to Cl in every structural detail, except that the fascia
board was deleted on one side to allow the actuator force to be applied to
the - fters. The structural details of specimens in this group are shown
in Pig. 2.3.

2.1.2 Specimens of Type C3 - Non-Bearing Gable Roof Connections Subjected
to In-Plane and Out-of-Plane Loads

The connection designated as C3 was intended to simulate the roof
action of the shaking tab’ : structure with the gabled ends of the trusses
located above the non-load bearing walls normal to directions 1-1 and 2-2
in Fig. 2.1. A typical section normal to the trusses is shown partially
in Fig. 2.4. The bottom rafter of the truss along the top of the masonry
wall is nailed sideways into 1 ft long, 2x4 in. blocks spaced every 4 ft.
Also, the gypsum drywall units are nailed into 2x6 in. blocks which canti-
lever from the top plate. “ibration of the roof structure in what is
termed the out-of-plane direction would introduce forces into the transverse

masonry wall primarily through the strut action of the 2x4 in. truss ties
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nailed to the top of the three outermost bottom rafters on either side of
the house. The amplitude of the displacements would, of course, be

limited by the action of the shear walls parallel to the direction of base
motion. The details of the connection model built to simulate the roof
action described in Fig. 2.4 are given in Pig. 2.5. Transverse load effects
were introduced through the two truss ties; therefore the plywood sheathing
ailed to the top of these units served no structural function. Another
objective in selecting this type of connection was to c-_erve how effective
the gypsum drywall unit nailed underneath the bottom chord elements was in
distributing the applied force to the masonry wall.

Originally, only transverse loading was planned for connections in

the C3 group. However, again with reference to Fig. 2.1, it is obvious
that the in-plane capacity of the connection would h..z to be studied in
order to be able to make an assessment of the transfer of roof loads to the
resisting walls with a base motion directed along axis 2-2. 1In this case
inertia forces generated at the roof diaphragm level would have to be
transferred to the shear walls through the bottom chords of the two

trusses at each gabled end, or nor.al to the plane defined by Fig. 2.4.
The bottom chord directly above the top plate would tend to slip relative to
the top plate and the masonry wall, but being nailed to the blocking would
introduce forces into these elements. In the additional tests conducted to
determine connection strength in this mode, cyclic 7’ splacements were
imposed on the simulated truss chord; the rest of the components shown

in Fig. 2.5 were omitted from the test assembly.

2.1.3 Specimens of Type C4 and C5 - Load Bearing and Non-load Bearing
Flat Roof Connections Subjected to Out-of-Plane Loads

The type C4 and C5 roof connections are typical of details commonly

used in flat-roof buildings. Although there may be minor differences in



individual applications, two prevalent forms are shown in Fig. 2.6. 1In

connections of type C4 (Fig. 2.7), the 2x8 in. joists were secured to the
3x8 in. ledger by means of proprietary metal joist hangers having a rated
vertical capacity of 800 1lb each. Again, only one of the two sets of bolts
provided in the walls was used in any given test, and tne other was made
inoperative by drilling oversized holes in the ledger.

As stated earlier, the connection experiments were conducted with a
view towards providing relevant data for the shaking table tests; the
details were adapted from typical construction practices in Arizona and
Utah after consultations with local professional engineers. Hence, the
details may contain features which are "typical" but not necessarily
desirable. For instance, no positive connection is provided between the
diaphragm and the masonry wall by means of metal connectors in group C4.
For horizontal strength, total reliance is therefore placed on the pullout
strength of the bolts. Presumably because of insufficient data, the
Uniform Building Code lists no allowable bolt pullout values for masonry.
So, in designs involving bolts which will possibly be loaded in tension,
allowable values are reportedly taken from concrete and used after "suitable"
reductions.

Structurally, the C5 connection designed to represent the roof in Fig.
2.6(b) was the simplest. This ir 1 non-load bearing connection required
to transfer out-of-plane wall forces into the roof diaphragm. The
corresponding mock-up consisted of a 1 iger bolted to the face of the
masonry wall by two anchor bolts and 1/2 in. thick plywood sheet nai.ed
to the top of the ledger. Joist elements which would normally exist
parallel to the wall were not included in the model, because L‘he strength
of the specimen is derived from the nailed connection between the ledger

and the plywood and the anchor “olts. Structural details of specimens of
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type C5 are shown in Fig, 2.8. During testing only two similar bolts 4 ft
apart were tightened with nuts and the other two were left inactive.

It will be noted that, as in type C4 connections, the ledger board is
forced to behave as a simple beam supported at the bolt locations with
overhangs at the two sides, in contrast to the construction de_ail where
the ledger is continuous over bolts spaced 4 ft apart. Alsn, the
2kx2%x1/4 in. plate washers used in the first two models were changed to
2hyx6x3/8 in. washers for the tests of the last three models.

Specimens in the C4 and C5 groups were subjected to ccntrolled dis-
placements with a have:'sine time variation whereas the first three types
were subjected to complete sine wave variations of displacement amplitudec.
A roof dead load of 180 1lb/ft was simulated in two tests of type C4
connections. This was achieved by placing lead blocks tota’ing 1450 1lb
on top of the 3x8 in. ledger. For all other tests involving load bearing
connection models, no gravity roof loads were considered.

Anchor bolts of all sizes in the Cl, C2, and C3 tests were embedded
8 in. into the masonry units and had 2 in. long hooks at the ends. For
this purpose the top three courses of masonry un‘ .s were filled with grout
at cavities corresponding to the bolt locations. To place the horizontal
bolts in the C4 and C5 connections, the top two courses only were grouted
at the appropriate locations and a 3 in. embedment followed by a 2 in. hook
was provided.

All masonry components of the test specimens were constructed by the
same experienced contractor using techniques representative of good quality
workmanship. The walls were fabricated and stored outside the laboratory
area until the time of testing when they were transported by a forklift to
the tesc bay. The timber components were built on the walls after the foot-

ings had been properly anchored.



2.2 Material Properties

The experimental program was carried out in two phases. During the
first phase, two specimens from each of the five different types of
connections were tested; the masonry unit used in these tests was the

hollow concrete block of type 1. An evaluation of the results at the end

of the first phase suggested that additional tests should be undertaken

in order to arrive at a more complete matrix of parameters. During the

second phase, usable wall specimens saved from Phase 1 as well as additional

walls made either from a different shipment of concrete blocks (referred to
as concrete block of type 2) or clay bricks were used. Therefore, dis-
tinction will be made between different shipments of concrete blocks and
the mortar and grout used in coniunction with each of them.

Masonry components of the test r 2cimens consisted of standard hollow
concrete masonry units with nominai dimensions of 6x4x16 in. and standard
hollow clay bricks measuring 6x4x12 in. Ir Fig. 2.9 plan views for these
standard units are shown, and Table 2.1 lists their dinensions and physical
properties.

Type S mortar designation of the Uniform Building Code with volume
proportions of 1 cement:1/2 lime:4% sand was specified for use in the
fabrication of the specimens. Two samples of mortar were collected on
every day o. the period over which construction of the walls was coc.atinued,
and the samples were tested when the first connection specimen was tested.
During the first test phase, grout for filling the cells for bolt anchorage
ana reinforcing was the standard 1 cement:3 sand mixture. When additional
testing was undertaken the contractor was instructed to maxe no distinction
between mortar and grout, and the same Type S mortar mixture was used for
grouting purposes. During both phases, however, mortar samples were

collected in accoidance with UBC requirements: the material was spread



on the masonry and allowed to rest fir one minute before being placed

into 2x4 in. cylinders. Grout was poured into the cavities of the masonry

units and stored in the same condition as the walls. For compression tests

of the grout, 2 in. cubes were cut from these samples. A summary of mortar

and grout strengths is provided in Table 2.2.

In every connection, wall reinforcement consisted of one medium
grade #4 bar placed vertically in each end cell. These bars were measured
to have an average yield strength of 54,000 psi and an average rupture
strength of 80,000 psi. Also, in all walls the top two bed joints were
reinforced with 9-gage wire K-brace joint reinforcemenc. This reinforce-
ment was observed to be «ffective in preventing shrinkage cracks.

The compressive strength of the masonry assemblies for Phase 1 was
determined by compression tests of block prisms laid in stacked bond of
various heights., The variables considered in the testing procedure were
whether the cells of the sing’e block wide prism were grouted and whether
the top two courses of joint mortar were reinforced. The results are
given in Table 2.3. For assessment of the shear strength of the masonry
components, 32 in. square panels were fabricated at the time of construction
of the concrete block walls of Phase 1. These panels were tested in
diagonal compression in a specially designed jig(ls). Grout and horizontal
reinforcement were again the variables in the specimens tested. Values of

critical tensile strength, O " listed in Table 2.4 are based on the

tc

Blume(lg) formulation

ag = 0.724 T (2.1)
cr

in which

T = 0.707

¥\

(2.2)

where T is the average shear stress, P the maximum diagonal compression load

and A the net cross secticnal area of the square panel. For the additional



walls constructed during Phase 2, the prism tests were omitted.

A criticai element in the connection assembly is the anchor bolt
which is embedded in the grouted block cell. At the time of casting the
masonry components for Phase 1, a number of control specimens were also
fabricated for the determination of bolt pull-out and shear strength.
Because of the inherent rani_mness of the basic material properties and
the effect of parameters =uch as workmanship and compaction, a broad
scatter in the test results was obtained. For the pullout tests, bolts
with diameters of 3/8 in., 1/2 in., 5/8 in. or 3/4 in. were cast in either
a single 8 in. high half block or in two 4 in. high half blocks on top
of one another. 7 el plate with an opening slightly larger than the
grouted cell area was used as the restraint against the shell area of the
blocks. The boit was then pulled upward in a universal testing machine.
A summary of the test results .s provided in Tabie 2.5.

The bolt shear forces were applied by means of a 2x6 in. timber
connector attached to the testing machine fixture at one end and to the
bolt being tested at the other end. The testing device developed for
this purpose is shown schematically in Fig. 2.10. This consisted
essentially of a clamping mechanism, with an adjustable height, into which
the test specimen could be inserted sideways. The timber connector had a
series .f bolt holes 4rilled into it. In each test, a hole was used that
was 1/8 in. larger than the diameter of the bolt being tested. The test
results are presented in Table 2.6. As with the bolt pull-out tests, a
significant scatter is evident in the tabulated values.

The material for the timber components was select structural grade
Douglas Fir for the top plate and ledger elements, and standard grade
Douglas Fir for the remaining parts. The half-inch thick plywood was of

type CD-X. Excent where specifically noted to the contrary, all nails



were of the box type. No quality tests of the material were made on the

timber compcnents or the anchor bolts.



TABLE 2.1

DIMENSIONS AND PHYSICAL PROPERTIES OF MASONRY UNITS(“

Minimum Compressive
Thickness, in. Gross | Net Strength, psi ran o
Masonry suas | Bewa 1 Dry Unit
Unit width Height Length Face 2 Gruss , Net Weight Weight
Type in. in. in. Shell Web in. + Area Area 1b 1b/ft3
Conc. Block 1 5.61 3.62 15.60 137 1.50 87.5 | 64 980 | 1,530 | 10.9 92.9
Conc. Block 2 5.60 3.62 15.60 1.13 1:12 87.5 | 56 1,110 ; 1,983 | 11.0 107.3
Brick 5.50 3.63 11.50 1.25 0.75 63.3 | 62 4,060 | €,550 | --- -—

(1)

Each value in the Table represents the average result from five specimens.
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TABLE 2.2

COMPRESSIVE STRENGTH OF MORTAR AND GROUT

Mortar Grout
Number of Age Strength Number of Age Strength
Phase Specimens | Days psi Specimens Days psi
1 6 29 2,650 3 43 6,300
2 5 39 2,530 5 39 2,530
TABLE 2.3

COMPRESSIVE STRENGTH OF MASONRY PRISMS: PHASE 1

Nominal
Height 1)
of Prism | Prism Joint Failure Strength
in. No. Grout | Reinforcement | Load, 1lb psi
16 1 Yes Yes 109,000 1,940
No No 76,000 1,350
No Yes 72,000 1,300
Avg.=1,530
Yes Yes 87,400 1,550
No No 51,700 920
No Yes 64,200 1,140

Avg.=1,200

Yes Yes 95,000 1,690
No No 56,200 1,000
No Yes 54,800 970

Avg.=1,220
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TABLE 2.4
CRITICAL TENSILE STRENGTH OF MASONRY: PHASE 1
Grout in Failure | Critical Tensile
Specimen | Two Edge Joint Load Strength (Eq. 2.1)
No. Cells Reinforcement 1b psi
T
1 No No 13,000 58
2 No Yes 32,000 142
3 Yes Yes 18,500 82
4 Yes No 33,600 149

Avg.=108
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TABLE 2.5

ANCHOR BOLT PULLOUT TEST RESULTS: PHASE 1

Block Type
1 Two 6x4x8 in.

2 One 8x8x8 in.

Bolt Block Embeduent Mode of Failure
Diameter, in. | Type in. Failure Load, lb
3/8 1 8 2 3,020
3/8 2 8 1 2,220
1/2 1 3 2 600
1/2 1 3 2 1,080
1/2 2 3 1 1,210
5/8 1 8 2 2,380
3/4 1 3 2 2,140
3/4 1 3 2 1,590
3/4 2 3 3 2,500
Failure Mode Description
1 Grout pulled out from within cell.
2 Bolt begins to slip out, the straightening of

hook cracks grout and shell concrete.

3 Grout restrained by plate so that failure mode
2 is induced.
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TABLE 2,6

ANCHOR BOLT SHEAR TEST RESULTS: PHASE 1

Block Type
1 Two 6x4x8 in.

2 One BxBx8 in.

| Bolt Block Bolt Failure
iDiameter, in. | Type rawedment, in.| Load, 1lb Failure Description
3/8 2 8 3,320'*) | Boit bent; grout cracked
3/8 1 8 1,920 | Mortar joint between blocks
split; grout cracked
1/2 | 8 1,940“’ Mortar joint between blocks
split; grout cracked
1/2 2 8 2.870(3) Shell concrete cracked only
1/2 1 8 3,940(b) Bolt bent; grout cracked
5/8 1 8 2,040(b) Shell concrete cracked only
5/8 2 8 3,210(3) Grout and shell concrete
cracked
3/4 | 3 1,030(‘) Mortar joint between blocks
split; grout and shell concrete
cracked
/4 2 3 4,170'2? | Grout and shell concrete
cracked
3/4 1 3 995®) | wortar joint between blocks
split; shell concrete
cracking only
Note:

(a) Force applied normal to 8 in. side of block.

®) Force applied normal to 6 in. side of block.
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FIGURE 2.1 ROOF STRUCTURE FOR A MASONRY HOUSE




+P 172" PLYWOOD (EDGES W/6d @ 8"0.C.)
(INTERIOR W/6d @ 12"0C)

’“W—7 2x6 FASCIA (2-16d NAILTO JOIST)
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# 4 REBAR (SPLICED TO DOWEL FROMFOOQTING AT
BOTH ENDS OF WALL AND GROUTED)

FOOTING (BOLTED TO FLOOR)

FIGURE 2.2 CONNECTIONS OF TYPE Cl
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(INTERIOR W/6d @ 12"0C)
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Ix2 STRIP(w/6d @ 16"0.C.)
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#4 REBAR (SPLICED TO DOWEL FROMFOOTING AT

BOTH ENDS OF WALL AND GROUTED)
FOOTING (BOLTED TO FLOOR)

FISURE 2.3 CONNECTIONS OF TYPE C2

ST



26

PLYWOOD SHEATHING

F £E

TYP. TRUSS

2x4 TRUSS TIE X

y

7

DRYWALL NAILER \
TOP PLATE DRYWALL CEILING

OUT-OF - PLANE
DIRECTION

2x4 BLOCK

/A \ MASONRY WALL

FIGURE 2.4 SECTION AT THE GABLE END OF A TRUSS ROOF



72" PLYWOOD (w/8d @ 12"0.C)

2x4 BOTTOMCHORD
——2x6 GPDW NAILER (4-16d)
AN .HOR BOLT

(A— —2x4 TRUSS TIE (3-16d & 2-16d)
%—— I72"GPDW (W/ I-3/8"NAILS @ 6"0.C.)
2x4x12"BLOCK (4-16d NAIL TO TOP PLATE)

2x6 TOP PLATE (SECURE W/2 ANCHOR BOLTS)

LZ

—2%x4 TRUSS CHORD (NAIL4-16d TO 2x4 BLOCK)

// HOLLOW MASONRY UNITS

# 4 REBAR (SPLICED TO DOWEL FROM FOOTING AT
,.: BOTH ENDS OF WALL AND GROUTED)
<

I FOOTING (BOLTED TO FLOOR)

FIGURE 2.5 CUNNECTIONS OF TYPE Ci3




/-ROOF SHEATHING
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JOIST HANGER \
JOIST
W“LL“'] LEDGER
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ROOF SHEATHING
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WALL —» LEDGER
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FIGURE 2.6 TYPICAL FLAT ROOF CONNECTIONS
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N7 ONLY END CELLS ARE GROUTED TO
FULL HEIGHT, OTHER CELLS ONLY
TOP TWO BLOCKS

Dx 24" ; " "
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i 3x8 LEDGER (SECURE W/2 ANCHOR BOLTS)
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BOTH ENDS OF WALL AND GROUTED)
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>

FIGURE 2.7 CONNECTIONS OF TYPE C4

6c



712"y

4 TOP TWO CELLS OF
Vv BOLT CAVITY GROUTED

/L——“ 172" PLYWOOD (6d @ 8"0.C)

-
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—— ANCHOR BOLT
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2x8 LEDGER (SECURE W/2 ANCHOR
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FIGURE 2.8 CONNECTIONS OF TYPE C5
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FIGURE 2.9 MASONRY UNITS
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FIGURE 2.10 BOLT SHEAR STRENGTH TEST ARRANGEMENT
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3. TEST PROCEDURE AND INSTRUMENTATION

3.1 Simulation of Earthquake Effects

The forces which a base motion would induce in the roof connection.
details were simulated by applying a series of cyclic loads at increasing
amplitude to the connection assemblies. Generally, three cycles of loading
(full sine wave for C1-C3, and half sine wave for C4 and C5) at a given
displacement amplitude constituted a test "run". After each run, the
measuring devices were checked to ensure that they were still within their
recording range, and cracks and separations were noted. The electro-
hy ’raulic actuator used during Phase 1 of the test program had a capacity
of 20 kips and a stroke of 12 in. For Phase 2 a 100 kip actuator was
employed. The attachment pieces for transmitting the actuator force to the
test specimen depended on the geometry of the type of connection.

For specimens of type Cl, the in-plane force from the actuator was
applied to the plywood sheathing by a 7 ft extension, which was attached
toc the load cell at the end of the actuator on one side and to a 60x15 in.
steel plate bolted to the plywood sheathing on the other. The actuator
extension was pinned to the steel plate so that slight vertical movements
which accompanied the induced horizontal displacements did not introduce
vertical forces. This attachment is illustrated in Fig. 3.1.

For connection models designated as group C2, it was necessary that
all four joists (see Fig. 2.3) be subjected to equal forces. To achieve
this, the loading attachment illustrated in Fig, 3.2 was constructed.

It consisted of two 7-in. deep channels with a central structural tube
welded at the middle. The actuator extension was inserted into the tube
and pinned at the end so that slight rotations about a vertical axis would

not cause bending of the actuator cell. The weight of the attachment was




34

bi lanced by a stand supported on an inflatable air bag.

Because of the similarity of the transverse loading requirements for
connection models of the C3 group, the same attachment used for C2 was
employed again with only a slight modification. The truss-like attachment
was bolted to the 2x4 in. “truss ties" placed 6 ft apart (Fig. 2.5) and the
cyclic displacements of the actuator were introduced into the roof assembly
through these elements. The testing arrangement is illustrated in Fig. 3.3.
When the connection was tes.ed in the in-plane direction, the specimen was
rotated 90 degrees and the actuator was directly linked to the 2x4 in.
simulated bottom chord and the rest of the components for the model were
eliminated.

Specimens designated as C4 were subjoected to half-sine loading cycles
in the same manner as connection models of type C2., The similarity of the
four 2x8 in. joists (Fig. 2.7) to the truss bottom chord elements made it
possible to use the "strongback" shown in Fig. 3.2 in this series of tests
also. The stand and air bag arrangemen® again supported the weight of the
steel attachments. Likewise, plywood sheathing for specimens of type C5
was clamped at a spacing of 2 ft by means of metal connectors which in
turn were bolted to the same strongback used in testing all of the
transversely loaded roof mock-ups. In Fig. 3.4 a test for a specimen of
the C5 group is shown in progress.

The effect of the vibration of the roof was simulated by initially
applying three displacement controlled cycles of loading at an amplitude
of 0.1 in. Testinog was continued by increasing the induced displacement
limits in increments of 0.1 or 0.2 in., and was terminated when the
strength of the connection assembly was judged to have been reached.
Because there will be numerous references to the roof connection models

later in the text and because there were physical differences between
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medels of a given type, the significant features of all 19 specimens are

tabulated in Table 3.1.

3.2 Instrumentation and Data Acquisition

The structural behavior of the connections was monitored and recorded
by means of an array of transducers. Measurements for specimens of the
Cl type included rotation and slip of two typical bottom chord elements
(one with and the other without the metal framing anchor) with respect to
the top plate, rotation and slip of a chord with respect to the plywood,
total in-plane wall displacement, and top plate slip relative to the wall,
in addition to actuator force and actuator travel. The simultaneous
measurement of rotation and slip was made by means of the displacement
measuring attachment shown in Fig. 3.5. With the direct current displac=-
ment measuring transducers (DCDTs) reading the displacement of a "bottom
chord"” element at two different heights, the rotational and translational
components of the total motion could be extracted from simple geometrical
relations.

The measured quantities for the second group of specimens (C2)
included transverse wall displacements, relative joist-plate movements,
plate-wall slips as well as actuator force and total displacement readings.
Type C3 connections were tested in the transverse direction during Phase 1
when measured quantities included lateral wall displacements, rotation
of the "bottom chord" above the top plate (see Fig, 2.5), displacements
of the truss ties relative to the two blocks, and top plate slip relative
to the wall, in addition to actuator force and displacement. When
additional experiments were undertaken, intact walls from the earlier
sequence of tests were used again Measurements of the in-plane tests

included relative slip of the bottom chord to the top plate and to the



nailing blocks, slip of the top plate relative to the wall as well as
the usual ac iator load and displacement.

As pointed out earlier only the "pull" type of loading was performed
on specimens of the C4 and C5 types. The quantities measured in the first
group were the separation between the ledger board and each of the four
joists (Fig. 2.7), wall-ledger separa”ion at points adjacent to the bolts
and plywood-ledger relative slips reasured above the bolts, as well as
transverse wall dis; .acements. As with all other specimens, the actuator
force and displacement were also included in the measurements, In the
final group of specimens of type C5 (Fig. 2.8), in addition to the usual
actuator force and travel readings, the monitored quantities were the
following: separation of th: upper edge of the ledger from the wall
measured above the bolts, separation of the plywood from the ledger board,
and transverse wall displacements. When additional experiments were
conducted during Phase 2, direct pullout readings were also made of the
anchor bolts for both types of specimens.

The total ca, scity and resolution of all measuring devices were
selectad such that accurate readings could be made within the expected
range of behavior. After each test run, all transducers were checked to

ensure that they were still ;roperly anchored and aligned, and that the

displacements they were measu'ing were still within range. If this

was not the case for any particular transducer, it was either disconnected
or readjusted. In Chapter 4, where test results are presented in
quantitative terms, additional references will be made to the exact
locations of the instruments.

The signals obtained from the direct current displacement transducers
(DCDTs) were conditioned and amplified before they were read by means of a

high speed scanner (Kinemetrics model DDS-1103). A constant scan rate of
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5 Hz was adopted for every channel that was read, i.e., each transducer
output was read 5 times a second and recorded in digital form on a
magnetic tape. Data stored on the "raw" - 5 were later transferred to

a pormanent data file tape compatible with the CDC 6400 system,




FEATURES OF CONNECTION MODELS

TABLE 3.1

Construc+ Lateral
Reference wWall tion Test Wall |Max. Imposed

No. Code Material Phase | Phase | Support | Disp., in.
1 | Cl-28-5/8 Conc. Block 1 -— 0.5
2 | C1-28-1/2 Conc. Block 1 —— 0.5
3 | sC2-28-5/8 Conc. Block 1 2 Yes 0.6
SC2-28-5/8 (2) Conc. Block 1 2 Yes 0.6
5 [ C3-32-1/2 Conc. Block 1 | No 0.9
6 | C3-52-3/8 Conc. Block 1 1 Yes 0.9
7 | C3-28-3/8-1P Conc. Block 3 2 -— 0.6
8 | C3-28-5/8-1P Conc. Block 1 2 -—— 0.6
9 | C3-28-5/8-3/8-SP Conc. Block i 2 -— 0.6
10 | C4-36-5/8 Conc. Block 1 1 Yes 0.9
11 | C4-56-~-1/2 Conc. Block 1 1 Yes 1.1
12 | sC4-36-5/8-1450 Conc. Block 1 2 Yes 0.5
13 | sC4-36-5/8 Conc. Block 2 2 Yes 0.6
14 | SC4B-36~-5/8-1450 Brick 2 2 Yes 0.6
15 | C5-56-1/2 Conc. Block 1 ) ! Yes 0.9
16 | C5-36-5/8 Conc. Block 1 X Yes 1.0
37 SC5-36~5/8 Conc. Block 2 2 Yes 0.6
18 | sC5-36~1/2 Conc. Block 2 2 Yes 0.7
19 | sC5B-32-5/8 Brick 2 2 Yes 0.8
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4. TEST RESULTS

4.1 Introdv_tion

Measured strength and deformation characteristics of the ta2st spc-imens
are described in this chapter. As pointed out in Chapter 2 the dual
requirements of effectively doubling the number of connections tested by
placing two sets of anchor bolts in every 8 ft long wall as well as
maintaining a spacing of 4 ft between similar bolts was relaxed when it
was noted that bolts were generally not the critical elements. However,
this earlier decision led to the actuator force being eccentric with
respect to the centerline of the two bolts in some of the experiments.

In Fig. 4.1, the exact location of the actuator force with respect to

the bolts is indicated for those connections in which this eccentricity
existed. Of course, for all models of the Cl group as well as the three
of the C3 type which were loaded in-plane, location of bolts was
immaterial. Also, for the case of the transversely loaded models of type
C3 and C4 the relative positioning of the actuator force, as shown in
Fig. 4.1, does not automatically determine the ratio by which it was
divided between the two anchor bolts; the location of the "chords" for
these specimens caused the actuator force to be shared among the bolts

in a different manner from that which simpie statics would indicate.

The transverse strength of transverse connections frequently
exceeded that of the walls. To ensure that imposed actuator displace-
ments resulted in deforming the connections rather than in causing the
walls to displace transversely, a lateral support system was implemented.
In Fig. 4.2 tb2 two horizontal steel beams bracing the walls laterally -re
shown. The system reduced wall displacements considerably, but aid not

eliminate them totally.
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A standard "package" of diagrams accompanies the discussion on the
behavior of each type of connection. The diagrams comprising a given set
are similar for similar connections. The deformation characteristices are
described with respect to the overall force to which the specimens we.-e
subjected; therefore, the ordinate in these diagrams is always the

"actuator force".

4.2 Connections of Type Cl

The two Cl models were subjected to five test runs, each run consist-
ing of three cycles of loading. The initial command amplitude on the
actuator was * 0.1 in.; .his value was incremented to % 0.5 in. in steps
of ¥ 0.1 in. The strength of the Cl connections was ccntrolled by the
resistance against rotation and slippage provided by the four "bottom
chords" nailed to the top plate (Fig. 2.2). In order to provide similar
strength in both directions of loading, the direction in which two of the
three 16d-nails were toe-nailed was alternated between adjacent joist
elements. The proprietary metal framing anchors nailed into every other
joist were known to be ineffective against "shear", however, to produce
a faithful duplication of rcof connections typically built in masonry
residences, these were nailed as shown in Fig. 2.2.

A description of the deformation of the specimens is provided in
Pigs. 4.3 and 4.4. The generili appearance of many of these diagrams is
affected by the signal-to-noise ratio of the recorded DCDT voltage out-
puts. Although these were measured, there was no noticeable displacement
at the top of the walls or relative slip between the top plate and the
walls, and the corresponding diagrams are excluded from the set which is
presented. The anchor bolts were provided with 2%x2%x1/4 in. plate washers

which were followed by regular washers. The absence of top plate movement



indicates that the bolts themseclves did not deform significantly.

Inspection of the grout around the bolts after the tests indicated no
cracking.

Both specime.is exhibited increasing strength with additional cycling
at greater amplitudes. Although both were constructed according to the
same specifications, Cl1-28-1/2 develcped a maximum resistance of 3.55 kips
at the end of the first negative half cycle with an amplitude of 0.5 in.,
whereas the corresponding value for Cl-28-5/8 was 2.44 kips. The cyclic
behavior of the specimens was characterized by the separation of the joists
from the top plate in a similar fasnion to when two nailed pieces of wood
are worked loose from one another by twisting one in alternate directions.
Figures 4.3(a) and 4.4. (a) depict the general behavior of the specimens in
terms of the actuator force and disple~ement. At the end of the last
loading cycle, the gap between the top plate and the bottom chord elements
was between 1/8 and 1/4 in.; the framing anchors appeared to be effective in
reducing this separation. The absence of vertical forces to simulate roof
dead load also contributed to the uplifting of the chords from the top plate.
At the end of the fourth cycle for Cl1-23-5/8, because of the excessive
rotations of the joists, the cores of the DCDTs attached to these members
could no longer maintain the orientation required for correct measurementes,
and they were disconnected. Hence, although there were five runs, only the
first four are represented in Figs. 4.23(b)-(f). The rotation of the chords
was determined by measuring the lateral displacement at two points along the
height and dividing the difference by the distance between them. The slip
then follows from the total lateral displacement at any one of these points
and the contribution of rotation to that displacement. The rotation of a
chord with the metal framing anchor (referred to as a strap in the figures)

with respect to the plywood sheathing, shown in Fig. 4.3(b), is not correct



because of a malfunctioning measuring device. However, comparison of Fig.

4.4(b) with Fig. 4.4(e) indicates that the amount of rotation relative to
the more flexib. e plywood was about three times greater than that relative
to the rigid top plate.

Figures 4.3(c), (e) and 3.4(c), (e) indicate that the rotational
component of the lateral displacement of the chords is partially re-
versible. The curves describing the rotation of the chords are qualita-
tively similar to the overall force-disslacemen. response obtained from the
actuator. However, the slip components shown in Figs. 4.3(d), (f) and
4.4(d), (%) represent permanent deformations which apparently can only be
recovered by applying force in the opposite direction. The striking
dissimilarity petween the characteristics of these figures is observed
particularly well in Fig. 4.4 in which the final excursion limits are
greater. Rotation of the joists was resisted also by the 1x4 in. frieze
boards which blocked the space between them. MNowever, thie 8d-nails on
either side of the frieze boards frequently split the wood and did not
provide complete fixity. Also, for rotations of the magnitudes involved,
the tightness with which the boards were fitted into the 2 ft wide gap
between the chord members appeared to be a potential source of asymmetrical
behavirr under load reversals. The asymmetry of the rotations of the joist
withou . the framing anchor, shown in Fig. 4.4(c), was probably caused by
this effect. Measurements of the slip and rotation of the joists were
made on the midcle two (see Fig. 2.2), so that the directional bias caused
by the frieze boards would be minimized. Any asymmetry of the response
of the chords with the framing anchors, shown in Figs. 4.3(e), (f) and
4.4(e), (f), should be attributed to the effect of the frieze boards &s
well as the anchors themselves. The anchors were nailed to one side of

the chords so that during load reversals they were alternately called
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upon either to stretch (providing a great resistance against rotation)
or to bend (when their contribution was negligible).

A summary of the strength and deformability of tha connections
determined from the actuator readings is provided in Figs. 4.3(g), (h),
and 4.4(g), (h). The first diagram in both sets is a plot of the average
actuator force versus the average actuator displacement, denoted as the
"envelope of hysteresis loops". The average force is determined by taking
the average of three conc ative "positive" and "negative" loading cycles
at a given excursion limit. The initial stiffness s defired as the ratio
of the average resistance during the first three cycles to the corresponding
displacement amplitude. Figures 4._(h) and 4.4(h) describe the reduction
in the similarly defined stiffness values of the following cycles expressed
as a fraction of the initial stiffness. The initial stiffnesses for
C1-28-5/8 and C1-28-1/2 were 9.24 and 12.12 kip/in., respectively. The
average stiffness at the end of the fifth run decreased to about one half
of the value at the beginning for both specimens. Also, there was no
reduction in strengt.. up to the iarger cycles of imposed displacements,
which are excessive for the type of connectinn simulated in the tests.

It is difficult to predict what effect roof dead load would produce
on the observed response, or to state if the simulation of the truss depth
above the chords would have led to significantly different behavior. The
reasonable assumption that each of the four "bottom chords" v s subjected
to the same shear and twisting moment, and information on the geometry of
the specimen given in Fig. 2.2 permit the determination of the shear force-
slip or twisting moment-rotation curves. These would of course be identical

to the curves given in Figs. 4.- and 4.4, but would have different scalees
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4.3 Connections of Type C2

From a comparison of Figs. 2.2 and 2.3 it can be seen that these
connections were intended to simulate the transfer of out-of-plane effects
on load bearing walls. Essentially, the specimens in the Cl group
were rotated 90 degrees, and the horizontal loads were applied into the
fiur 2x4 in. joists which were nailed to the top plate. The two C2
specimens tested both had the same wall height (28 in.) and bolt diameter
(5/8 in.); for identification purposes the second model is referred to as
SC2-28-5/8(2). During testing both specimens were restrained laterally so
than any applied loading resulted in deformation mostly within the
congaction; the greatest str.ke of the actuator was 0.6 in. for both tests.

The structural design of the C2 specimens was intended to model
details of a simple masonry house subjected to simulated earthquakes(l7).
In reference (17) the observation was made that the restraint provided by
the roof assembly contvolled the response of laterally unrestrained trans-
verse walls. However, for cases where these walls are laterally stiffened
by normally intersecting walls, their strength under load reversals would
have a significant influence upon overall structural behavicr.

structurally, these connections were the simplest to model. With
reference to Fig. 2.1 for purposes of illustration, and assuming base
motion to occu- in the direction of the 2-2 axis, roof action in the wall
would in fact be as depicted in Fig. 2.3. For these connection mock-ups,
there was no need to include the sloping upper truss chord elements since
the strength of the connection is not derived from them. The function of
the plywood sheathing was to help distribute the actuator force, applied
directly to the joists (see Fig. 3.2), more evenly among the anchor bolts.

Measured guantities are displayed in Figs. 4.5 and 4.6 for models

SC2-28-5/8 and SC2-28-5/8(2), respectively. As shown in Fig. 2.3, two
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of the "joists" were connfcted to the top plate by proprietary metal
framing straps in addit.on to three 16d-nails which were provided for
all joists. The slip of all joists relative to the top plate, as well
as the slip of the top plate relative to the wall adjacent to the two
bolts, were continuously recorded, in addition to actuator functions and
transverse wall displacements.

It is apparent that although both connections were subjected to
the same displacement limits, wall deformations in SC2-28-5/8(2) were
greater (Figs. 4.5(b) and 4.6(b)). This caused the overall limi s of the
joist slip readings in Fig. 4.6 to be less in magnitude than the
corresponding quantities in Fig. 4.5. There are, however, qualitative
similarities between Figs. 4.5 ard 4.6. First, "negative” actuator
forces corresponding to pushing the wall a.ay from the horizontal strut
supports caused greater displacements at the top of the walls. (The
quantities displayed in Figs. 4.5(b) and 4.6(b) were both measured
centrally 2 in. below the top edge of the wall.) With the imposed negative
displacement absorbed by the deformation of the wall, joist slip readings
were all biased towards the "positive" half cycles. Secondly, it can be
verified from the response of both models that the sum of wall dis-
placement, joist slip and top plate slip readings is roughly equal to
actuator displacement, although indi-idual readings do not resemble the
overall response represented by actuator force - travel plots. It is
significant also, that the presence of framing anchers on individual joists
did not reduce the slip of such joists although the imposed longitudinal
displacements were in the direction in which they wculd be effective.
It is plausible to argue that the two joists with the metal anchors resisted
a greater part of the actuator force because the plywood sheathing and the

"strongback" attachment shown in Fig. 3.2, were coupled to form a rigid
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"diaphragm" forcing the joists through equal displacements regardless of
strength. Frames (c) through (f) of both Figs. 4.5 and 4.6 verify this.

The nuts oun the anchor bolts were tightened with a wrench, but no
torque measurements were taken. Also, bolt holes in the top plates were
drilled 1/4 in. larger than the bolts themselves. Naturally, the amount
of top plate slip rclative to the walls is a function of the tightness of
the nuts and roughness of the top of the walls, as well as the amount of
play around the ;ults. Slip readings were taken adjacent to the two bolts
and these are shown in frames (g) and (h) of Figs. 4.5 and 4.6. Both sets
of diagrams are typical of the force-deformation characteristics for
systems governed by Coulomb friction; i.e., slip is induced only when
the imposed force is in ex—~ess of frictional resistance. For specimen
SC2-28-5/8 the top plate apparently slipped in equal amounts near both
bolts, whereas, for SC2-28-5/8(2) it was observed during testing that the
plate seemed to rotate about the left bolt while translating in the
vicinity of the right bolt. This is verified in Figs. 4.6(g) and (h).
Later inspection revealed that the right bolt had widened the hole in the
top plate through alternate crushing resulting from excessive bearing
stresses. The bias in Fig. 4.6(h) suggests that the bolt may not have
been located centrally within the hole in the beginning.

The last two frames in both figures indicate the strength envelope
and stiffness reduction for the connections. Since the strength envelope
is based on the average resistance of the connection measured during
three consecutive cycles, it is a more reliable jndex of maximum strength
and is not governed by peaks which may be attained during the first cycle
of loading at a given amplitude, but which may not be attained again. A
complete evaluation of the resistance and stiffness degradation for each

connection will be macde in Chapter 5.
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As suggested by the top wall displ>~ ueat readings, wall components
were cracked above the lateral supports in both specimens. However, bolts

were intact and did not deform within the cells where they were grouted.

4.4 Connections of Type C3

These connections were designed to yield information on the mechanism
of inertia force transfer between in- or out-of-plane walls, spanned by
the cutermost trusses and the roof diaphragm. With reference to Fig. 2.1
which represents a single-story masonry house and assuming the base motion
to occur either exclusively along the 1-1 axis or along the 2-2 axis, then
the connections at the gabled ends of the roof assembly would be subiected
to forces described by Fig. 2.5. A commonly encountered type of connection
is achieved by nailing blocks at 6 ft intervals, to the top plate to which
the bottom chord of the truss above the transverse wall is nailed
horizontally (Fig. 2.4). The representation of this type of connection in
the test program did not have the third dimension corresponding to the height
of the trusses although the plywood sheathing nailed above the truss ties
was intended to represent partially the action of the sloped roof sheathing

(2,3 the truss ties were not

(Fig. 2.5). 1In the shaking table experiments
continuous across all roof trusses, but were terminated at the third truss
chord at a distance of 4 ft from the face of the wall. The structural
action of the truss ties is to reduce the lateral displacement of the
bottom chords by providing a restraint which augments the action of the
gypboard sheets nailed underneath the chords. The actual magnitudes of the
transverse forces transmitted by the connection are a function of the in-
plane stiffness of the gypboard units relative to the ties, as well as the
degree of horizontal fixity provided by the nailed blocks at the top plate.

With forces applied normal to the plane of the wall, the strength of the

connection assembly is derived primarily from the rotational restraint
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of the bottom truss chord nailed horizontally to two 1 ft long blocks of
the top plate, but an additional restraint would be available at the

truss supports where the chord is toe-nailed and anchored with a metal
anchor to the top plate of the intersecting wall. Also, the diaphragm
forces transmitted by the drywall could only be partially represented by
the arrangement shown in Fig. 2.5 since the cyclic loads were applied only
to the ends of the truss ties.

Five connections of type C3 were tested. Two of these were subjected
to transverse forces, and three were tested in the in-plane mode. The
fifth connection designated as C3-28-5/8-3/8~SP differed from the others
in that rather than representing an intermediate 8 ft long part of the
connection, the entire in-plane fixity along a 16 ft long truss bottom
chord was represented. In this model, the truss bottom chord was nailed
with four 16d-nails to three 1 ft long 2x4 in. blocks at a spacing of 3 ft.
The blocks themselves were similarly nailed to the 2x6 in. top plate.
Additionally, at either end of the wall the support fixity of the truss was
modeled with three 16d-toe nails driven into the chord as well as metal
framing anchors with a maximum allowable load of 290 lb. Both sets of
bolts on the wall were tightened to the top plate during testing.

For the two models tested in the transverse direction, maximum
imposed displacement limits were * 0.9 in. with intermediate cycles at
0.1, 0.2, 0.3, 0.5, and 0.7 in. Measured response quantities are given in
Fig. 4.7 for C3-32-1/2 and Fig. 4.8 for C3-52-3/8. From the first plot in
each group of diagrams it is seen that the maximum forces attained were
never more than 1.0 kip; therefore, the flexural yielding capacity of the
walls in the transverse direction was not exceeded. However, specimen
C3-32-1/2 underwent displacements at the top of the wall exceeding 0.25 in.

during the final three cycles as shown in Fig. 4.7(b). To guard against



the flexural failure of the wall, the taller specimen C3-52-3/8 was braced

laterally by means of horizontal struts so that the contribution of the wall
deformations to the observed actuator displacements was minimized. A
comparison of Figs. 4.7(a) and 4.8(a) shows that the effect of wall

bracing on the measured connection strength was not significant.

During cyclic loading it was noted that the drywall sheets nailed
underneath the simulated bottom truss chord 2 ft from the wall, and the
nailing block at the edge of the top plate were effective in transmitting
a part of the imposed force in the "compressive" half cycles; that is, when
one edge of it was in direct contact with the side of the top plate.
However, this contact produced a disintegrating effect on the gypsum
board edge which began to fray with increased cycling. Also, the cyclic
nature of the loads destroyed the fixity of the 1-3/8 in. long dry-tite
nails in the sheetrock around which a gouging effect was evident. The
capacity of the sheetrock to "pull" on the wall, as illustrated in the
sequence in Fig. 4.9, was rapidly diminished. The implication of this
observation is that drywall sheets contribute no significant diaphragm
action during continued cyclic loading, because of their brittleness.

The slip of the top plate relative to the wall was not large enough
to be measured in specimen C3-32-1/2. For specimen C3-52-3/8 the average
of the readings taken at the bolt locations is shown in Fig. 4.8(b).

This variable is a function of the tightness of the bolts and the friction
at the interface between the top plate and masonry. Rotation of the
bottom chord was derived from displacement transducers mounted on the

two 1 ft long blocks. Figures 4.7(c) and 4.8(c) show the average of the
two readings as a functien of the actuator force. Inasmuch as the chord
bears against the blocks during the "compressive" half cycles and is

pushed away from them during the "tensile" half cycles, there is asymmetry
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in the rotations. This is more pronounced for specimen C3-52-3/8. During
the half cycles when the actuator travelled in the opposite direction to
that shown in Fig. 4.9(b), the strength of the assembly was derived only
from the pullout strength of the eight l6d-nails (Fig. 2.5) ia the blocks
and the rotational restraint on the bottom chord provided by the truss
ties. It is interesting to note that for equal displacemert limits im-
posed by the actuator on specimen C3-32-1/2, rotation of the bottom chord
and the slip of the truss tie away from it occurred between increasing
limits indicating progressive pullout of the nailed connections (Figs.
4.7(c) and (d)). During the last three cycles of loading for this
specimen, the transducer measuring the relative slip of the truss tie was
removed because the excessive rotation of the bottom chord made it
impossible to obtain linear measurements. This tendency apparently,
developed earlier for specimen C3-52-3/8 hecause there is strong evidence
to indicate that during "negative" slips the core of the DCDT did not
travel freely and was affected by friction as shown in Fig. 4.8(d).

The average transverse strength of both specimens remained below 800
1b, a force level at which bolt diameter is not of significance (see
Table 2.6). The average initial stiffnesses of 3.15 and 2.15 kip/in. for
the connections diminished as indicated in Figs. 4.7(f) and 4.8(f). The
imposed rotation on the bottom chord was well beyond the order of
magnitude which would be attained in an eartnquake-induced envitonment(z),
but as for specimens in group Cl this large deformation was necessary to
determine the strength of the connections.

For the in-plane test of connections of type C3, the only items re-
tained from the specimen of Fig. 2.5 were the truss chord above the top
plate and the 1 ft long blocks to which the chord was nailed by four l6d-

nails. One end of the 2x4 in. bottom truss chord was extended and linked
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directly to the actuator, an arrangement shown in Fi7. 4.10. Measurements
were made of the reolative motion between the chord and the top »late, as
well ar between the blocks (numbered in increasi J order from the end of
the w.:1l away from the actuator) and the bottom chord. Relative slip of
the top plate to the wall was also recorded, but was insignificant for
connections C3-28-3/8-1P and C3-28-5/8-1P. Predictably, the greatest
strength belonged to model C3-28-5/8-3/8-SP, and for this model some slip
occurred between the wall and the top plate although all four bolts were
tightened. Hysteretic force-deformation diagrams are presented in

Figs. 4.11 - 4.13. The frames displayed in part (b) of each figure
indicate that the bottom chord followed the actuator displacement exactly
noting the absence of top plate slippage for the first two connections.
The difference between parts (a) and (b) of Fig. 4.13 which reaches a
maximum of 0.07 in. during run 6 is attributable to the slip of the top
plate and the deformation of the chord itself. In spite of this minor
difference the following features were common to all C3 connections
loaded in-plane:

(a) Force-deformation characteristics are strongly reminiscent of
the cyclic behavior of reinforced concrete beams with low shear
span-depth ratios.

(b} The sum of relative bottom chord-block and block-top plate
movements are constant and equal the imposed displacement.
However, although both chord-to-block and block-to-top plate
connections were made with four 16d-nails, the former contributed
to the measured deformation to a much greater extent. This may
be explained by noting that when the nails were driven vertic.lly
into the blocks and the top plate, the bl.cks were in effect

post-tensioned. Therefore, resistance to forces was derived from



friction as well as nail deformation.

(c) No failures in the walls or bolts occurred for either type of

loading.

Inspection of chord-to-block nailing after the completion of the tests
indicated that under cyclic forces the nails had gouged wedge shaped
spaces in the wood, and could develop progressively increasing forces only
if imposed displacements tended to enlarge the wedges by causing the nails
to bear further against them.

Strength envelope and stiffness reduction curves constitute the last
two frames in Figs. 4.11 - 4.13. In Chapter 5, a comparison of code

allowable loads and measured strengths of connections is offered.

4.5 Connections of Type C4

The computed transverse strength of the masonry walls for C4 specimens
showed that it was necessary to provide lateral supports to the walls
in order to avoid flexural failure at the footing junction. For all
specimens tested, the centerline ot two horizontally placed steel restrain-
ing I-beams was approximately 1 ft below the bolts. To reduce the bearing
stresses in the walls and to avoid punching of the lateral supports into the
walls square plates were welded at the ends of the I-beams. Further, the
narrow gap between the plate and the wall was filled with a quick-curing
gypsum cement so that, as soon as a horizontal force was applied to the
connection, the beams would function as supports. In Fig. 4.2, the a range-
ment is shown during the testing of specimen C4-56-1/2.

The bolts were tightened with 24%x2%x1/4 in. plate washers. Also,the
action of the actuator was transmitted to the four joists in the same plane
as the bolts. Because of the difference between the distances of the bolts
from the top of the wall due to construction tolerances, measured average

distances from the top of the ledger board (see Fig. 2.7) to bolt center-
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lines varied from 3 to 4-1/8 in.

As implied in Table 3.1 specimens designated as C4-36-5/8 and
C4-56-1/2 were tested such that the actuator centerline was not located
midway between the bolts. If it is assumed that the actuator force
difrased uniformly through the plywood and the joists into the ledger
bo..rd, then the "left" and the "right" bolts in Fig. 4.1 should resist 5/8
and 3/8 of the total applied load, respectively. In the following, a
discussion will first be made for the eccentricz2lly loaded connections for
which no roof load was simulated. 1In the second part of the discussion,
the three symmetrically loaded moduls will be described.

Specimen C4-36-5/8 was subjected to six test runs at half-sine
amplitudes of 0.1, 0.2, 0.3, 0.5, 0.7 and 0.9 in. For specimen C4-56-1/2
the same sequence was followed by three additional cycles at 1.1 in. for
a total of seven runs. Because of recording equipment malfunction, however,
the fourth run (amplitude 0.5 in.) could not be recorded and is not
reported in the correspending sev »f diagrams. The measurement of the
wall displacement was made at the geoivetric center of the wall 6 in. from
the top. Separation of tiir four joist: from the ledger board was measured
in the same horizontal plane as the bolts. However, these measurements are
not included in the set of figures describing the deformation because the
sﬁall measurements were strongly affected by "noise" in the recording
environment and reached a maximum of only 0.06 in. during the fifth run of
specimen C4-56-1/2. The lack of consistency for the separation of
different joists from the ledger in the same specimen indicated that they
were subjected to different pull forces with the difference being dictated
by the amount of "lack of fit" between the loading arm (Fig. 3.2) and the
timber components. Additional measurements were also made for plywood slip

relative to the two outside joists, but these also are omitted because of
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the insignificant amounts of deformation involved.

For both specimens in this cateqgory, the observed deformation stemmd
largely from displacements induced in the walls. Comparison of parts (a)
and (b) of Figs. 4.14 and 4.15 supports this statement. The hysteretic
nature of the response of the assembly required the application of a
"negative" force to bring the actuator displacement back to zero, and the
magnitude of this force became progressively larger. During the final two
cycles at an amplitude of 0.9 in. for specimen C4-36-5/8, the DCDT measuring
the wall displacement shifted, indicating a sudden permanent slip of 0.3 in.
Although this coincided with the pulling out of the "left" bolt, its
occurrence is still puzzling since wall displacement should be independent
of bolt slip. A careful examination of Fig. 4.14(c) shows that during the
first three runs, the 5/8 in. diameter bolt experienced no slip. When the
actuator travel was increased to 0.5 in., the bond between the grout and
the steel bolt was suddenly destroyed and it slipped approximately 0.05 in.
During the next three cycles of loading at an actuator displacement
amplitude of 9.7 in., this slip was doubled and retained its strongly
plastic character. With a further increase in the imposed displacement,
the bolt ruptured the face shell of the block into which it had been
grouted. From that point on, the only resistance was provided by the
remaining bolt on the right. Since the total actuator force was nonzero,
it appears from Fig. 4.14(c) as if the failed bolt could still resist the
applied loads. This is, of course, due to the manner in which the diagrams
are constructed. The separation of the ledger directly above the bolts was
measured with displacement transducers which had a linear range of 0.1 in.
The failure of this bolt obviously destroved the exactness of the measure-
ments. From Fig. 4.14(d) it appears that the behavior of the bolt on the

right (the directions are determined according to Fig, 4.1) during the first
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three test runs was very similar. However, the impending pullout of the
companion bolt and its gradually accumulating slip were converted into an
"yparent negative separation due to the uneven distortion of the ledger.
(Note that the horizontal scales for rigs. 4.14(c) and (d) are not the
same.) A study of Figs. 4.15(c) and (d) indicates that for specimens
C4-56~1/2 also the distortion of the ledgexr adjacent to the left bolt was
greater than that at the right. Although there was no cracking around the
face shell containing the bolt, an extrapolation of the behavior of the
corresponding bolc in specimen C4-36-5/8 indicates that it would alsoc have
been pulled out if the wall had not reached its flexural strength first.
Again the distortion of the ledger board from which the readings were taken
partly obscures the exact slip of the bolts.

The absence of measurable relative movement between the joists and
the top plywood indicates that a very small portion of the applied load
was transferred by the diaphragm action of the plywood sheathing. Likewise,
the drywall plate nailed underneath the joists (Fig. 2.7) contributed very
little to diaphragm behavior because of the much greater in-plane stiffness
of the joists. Loosening of the dry-tite nails in the drywalls was not
observed in either specimen.

Behavior of the first two specimens appeared to indicate that the
limiting factor in the strength of the connection was the pullout strength
of the bolts. This strength is dependent on the type of masonry material,
grout properties, care with which grout was placed in the cell with the bolt
and the proximity of the bolt to the web of the masonry unit, in additicn
to the magnitude of gravity load on the bolt. Because of the complicated
interdependence of these factors, the limited number of pullout tests con-
ducted on concrete block units yielded significant scatter (Table 2.5). 1In

the second group of C4 type connections the actuator force was applied
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midway between the bolts. A roof dead load of 180 1lb/ft was included in
two connection mcck-ups, one of which was bolted to a brick wall. The
third specimen was similar to T4-36-5/8 except that it was constructed
with a different shipment of concrete block. Measurements of the
deformation of connections SC4-36-5/8-1450, SC4-36-5/8, and SC4B-36-5/8-
1450 are contained in Figs. 4.16, 4.17, and 4.18, respectively.
Connection model SC4-36-5/8-1450 was subjected to five runs of imposed
displacements, each run consisting of three half cycles. As with all other
transversely l-adod models the actuator force caused deformations in the
wall as well as in the connection itself. Wall displacement was measured
in the same plane as the two bolts, so by examining Fig. 4.16(b) it
becomes readily apparent that roughly half of the imposed displacements
were transformed irto wall deformations. As noted in Fig. 2.7, the fou:
2xt in. jecists were connected to the ledger by means of metal hangers.
Tne specified allowable vertical load capacity for the hangers is 800 1b
and the nailing schedule calls for six N1l0-nails into the ledger (these
were replaced by six 10d-nails in actual construction) and four NlO-nails
into the joist itself. The height of the hangar was 4-3/4 in. so the
upper 3 in. of the joists were exposed. A second modification in the
nailing schedule was made by driving three l6d-toe nails in this ucper
portion for improved horizontal _trength. As stated 2arlier, the attach-
ment of the actuator arm to the specimen was made so that the bolts and
“he actuator force lay in the same plane. However, the joists through
which the actuator force was transmitted to the bolts were connected to
the ledger so that a vertical eccentricity existed between the bolt
locations and the points at which joists were pinned to the ledger.
Consequently, the ledger was subjected to a complex set of forces from

which it underwent biaxial bending and warping. Whereas, in the first two



connections bolt pullout was measured indirectly by two DCDTs placed on

the top edge of the ledger above the bolts and connected to tne wall, a
direct measurement was undertaken for the last three models. As

Fig. 4.16(f) indicates, the ultimate strength of the connection assembly
was reached when the "right" bolt was pulled out from the face of the wall.
Figures 4.16(g)-(j) illustrate the separation of the joists (numbered 1-4
from the left of Fig. 2.7) from the ledger. It is sianificant to note
that the middle two joists appear to deform more since they transmit the
bulk of the actuator force to the ledger in between the bolts. Joists 1
and 4 were connected to the 2 ft long overhangs on either side of the
ledger.

The maximum resistance of the connection was 5.51 kips (Fig. 4.16(k)).
Again a "negative" force was required to complete a half cycle and bring
the actuator displacement back to zero.

Diagrams shown in Fig. 4.17 describing the deformation of SC4-36-5/8
are included for the sake of completeness. Although this wall was con-
structed according to the same specifications by the same contractor,
evidence of bolt embedment flaw became evident immediately. As noted in
Chapter 2, rather than providing a mix of grout for walls constructed
during Phase 2, the mason was instructed to substitute mortar instead.
Although no apparent deficiency existed as far as the strength of the mortar
was concerned, it was noted that the bond between the masonry unit and the
two block high pour of mortar containing the 3 in. embedment of bolt was
poor due to shrinkage and lack of adhusion. Consequently, as soon as a
force was exerted on the bolt, its resistance to pullout was derived
only from the face shell strength of the masonry unit. As Figs. 4.17(c)
and (d) illustrate, both bolts were quite loose in their embedments where

a cone of mortar around each bolt moved relatively freely. Because of the



extremely small bolt pullcut strength, the timber components were not

deformed and the resistance of the assembly reached only 1.24 kips.

Inadeguate bolt pullout strength was also evident during the testing
of SC4B-36-5/8-1450. Deformation of tl.e wall itself again absorbed much
of the imposed displacement as shown in Fig. 4.18(b). However,
progressive bolt pullout, evident from Figs. 4.18(e) and (f), limited the
strength of the assembly to a maximum of 3.35 kips. The improved strength
(compared with Fig. 4.17) obviously stemmed from the greater pullout force
required to fracture the face shell of the brick units. Deformations of
the joist hangers displayed in frames (g) and (h) of Fig. 4.18 were
minimal.

An overall evaluation of the five C4 type connections indicates that
if no other type of anchorage is used for linking the roof diaphragm to
the wall, bolt pullout strength would have to be assessed with an extremely
generous margin of safe'y for design purposes. The simulation of vertical
roof load on the bolts did not appear to produce adverse effects on
strength; however, it is plausible to argue that in an actual earthquake
the bolts would be subjected to a horizontal shear in addition to vertical
shear and ullout forces, a condition which was not considered in this
progran. The transverse flexural strength of the ledger board was
augmented by the use of plate washers. Also, the nominal 3-in. thickness
appeared to provide the bending capacity required by the bolt, even for the
simply supported ledgers in th~s test specimens. Joist-liedger connection

was adequately accomplished with the hangers for horizontal loads.

4.6 Connections; of Type C5

In these connections the simulated unidirectional earthquake forces

were transmitted into the plane of the 1/2-in. thick plywood at four equally
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spaced points by means of the load attachment arm shown in Fig. 3.2.

Holes for the bolts were drilled at the center of the ledger; this gave
the diaphragm force a moment arm ot 3.6 in. witn respect to the centerline
of the bolts. Specimens in this group were tested after the wall panels
were laterally supported by means of horizontal struts. Because of the
lower strength of the connection assembly compared with specimens in group
C4, walls generally did not deflect significantly.

The separation of the plywood from the ledger board was measured at
three locations (dencted as stations 1, 2 and 3). The first and third
stations were directly above the left and right bolts (Fig. 4.1), and
the second was placed midway between these. In Fig. 4.19, the 0.5-in.
transducers at stations 2 and 3 are shown for specimen C5-56-1/2. Another
set of measurements was made by means of l-in. capacity DCDTs to evaluate
the distortion of the ledger as shown in Fig. 4.20. Measurements taken
by these devices are referred to as "separation of ledger from wall" in
the deformation diagrams.

Connections C5-56-1/2 and C5-36-5/8 were subjected to eccentric
actuator forces as shown in Fig. 4.1. No direct readings of bolt slip
were taken during the testing cof these models altrough, for the remaining
three connections, measuring devices were included for this purpose.
Deformation of specimen C5-56-1/2 is described in the set of drawings in
Fig. 4.21; that of 5-36-5/8 is described in Fig. 4.22.

Both eccentrically loaded conne:tions failed because of the failure
of the ledger board. The eccentric pulling force applied to the top of
the ledger by the plywood caused the bcard to bend about its weak axis,
as shown in Fig. 4.23, generating cross-grain tension. During the fifth
run at an imposed displacement limit of 0.7 in., the ledger board in

specimen C5-56-1/2 suddenly cracked along this axis (Fig. 4.24). The



actuator force attained just before this occurred was recorded as 1.46
kips. As seen fror Fig. 4.24, due to the rotation of the top of the ledger,
the plywood sheathing was not normal to it at the extremes of the cycles,
causing the displacement measuring devices to record substantial rotational
components. During the fifth test run of specimen C5-56-1/2, the
instrument at station 1 became inoperative; therefore, fig. 4.21(b) is
discontinued after the last cycle corresponding to 0.7 in. displacement.
Failure of the ledger in specimen C5-36-5/8 occurred near the right bolt
relative to Fig. 4.1, but in this case the axis of bending was vertical.

The board deflected outward from the right side of the wall over the 36

in. ~oment arm, and began to break in the vicinity of the bolt on the right
as seen in Fig. 4.25. This affected the ledger-wall separation readings
above the bolt shown in Fig. 4.22(f). The maximum recorded actuator

force was 1.69 kips. Failure of the ledger board in specimen C5-36-5/8
affected the separation of the plywood from it. Figures 4.22(b), (c),

and (d) show that in going from the intact side toward the right bolt

the apparent amplitude of this separation also increased. In contrast

to this observation, the corresponding measurements in specimen C5-56-1/2
indicated a more uniform deformation pattern up to the point of failure as
indicated in Figs. 4.21(b), (c) and (d).

Anchor bolts in specimens C5-56-1/2 and C5-36-5/8 (Table 3.1) were not
pulled out. Post-experiment inspection indicated that all bolts were still
securely contained in the pocket of grout, and that there was no loosening.
In addition to the failure of the ledger, (due to cross-grain tension in
C5-56-1/2 and bending in C5-36-5/8) the 6d-nails at 8 in. spacing, with
which the plywood was connected to the upper edge of the ledger, were
gradually pulled out and were observed to dig into the bearing side of the

softer plywood as cyclic loads continued. It appeared that if the premature
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failure of the ledjer boards had not occurred first, failure of the assembly
would have been initiated at these nails.

The poor behavior of the connection was attributable to the i;cotrectly
conceived, but apparently widely used detail through which in-plane
diaphragm loads were transferred to the non-load bearing transverse wall.
For the additional batch of models constructed during Phase 2 it was
decided to use 24%x6x3/8 in. plate washers (placed with the long side
vertical) on the symmetrically loaded ledger. With the ledger placed
centrally on two bolts located 4 ft apart, this gave 2 ft long overhangs
on both sides. Deformation diagrams describing the behavior of connections
SC5-36-5/8, SC5-36-1/2 and SC5B-32-5/8 are displayed in Figs. 4.26-4.28.

Connections with the concrete block walls appeared to behave
similarly. As seen in frames (b) of Figs. 4.26 and 4.27, wall displacement
was not significant for either specimen. Measurements of plywood
separation from ledger made directly above the left bolt (station 1), and
the right bolt (station 3), and midway between the two (station 2), appeared
to yield inconsis! nt readings because of the deformation of the ledger
and the fact that compressive forces had to be applied to the plywood
diaphragm in order to bring the actuator displacement to zero. The sequence
of photographs in Fig. 4.29 describe the nature of plywood defcrmations at
the two extreme displacements. In part (a) of Fig. 4.29, the actuator is
at maximum retraction applying a pull force which deforms the ledger board
to the point where the angle between the top edge of the ledger and the
plywood is greater than 90 degrees. On returning to zero displacement as
shown in Fig. 4.29(b), the plywood appears to lift up and become curved
under the action of compressive actuator force. In both specimens failure
was caused by the pullout of the left bolt (Figs. 4.26{(f) and 4.27(e)).

Connection SC5-36-5/8 lost its strength much more rapidly when the left




bolt broke the face shell and could no longer resist pullout forces.

However, since the experiments were displacement controlled total failure
was not precipitated and the actuator force was resisted largely by the
bolt on the right for which no outward pull was recorded. I.dger
separations from the w21l in Figs. 4.27.g) and (h) reflect bot! bholt
pullout and ledger deformations; it may be ascertained that frames (f) and
(h) in Fig. 4.26 can be superposed to obtain frame (g). The same effect
is noticeable for C5-36-1/2 from a comparison of Figs. 4.27 (e), (g) and of
Figs. 4.27 (f), (h). Symmetrically loaded concrete block wall connections
5C5-36-5/8 and SC5-36-1/2 attained maximum averaged resistances of 1,50 and
1.70 kips, respectively.

Specimen SC5B-32-5/8 with the brick wall failed due to flexural
failure of the wall above the lateral supports. Visual comparison of
Figs. 4.28(a) and (b) suggests that actuator displacements were closely
followed by the wall which absorbed the bulk of the imposed displacements.
Separation of the plywood from the ledger (Figs. 4.28(c) and (d)), as well
as the ledger deformation (Figs. 4.28(e) and (f)) itself, remained below
a maximum displacement of 0.1 in. each. Although the actuator force reached
1.52 kips, neither bolt showed any signs of pull)ut indicating the higher

strength of brick face shell.
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FIGURE 4.3 MEASURED DEFORMATION OF SPECIMEN Cl-28-5/8
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FIGURE 4.4 (CONT.) MEASURPED DEFORMATION OF SPECIMEN Cl-28-1/2



FIGURE 4.5 MEASURED DEFORMATION OF SPECIMEN SC2-28-5/8



FIGURE 4.5(CONT.) MEASURED DEFORMATION OF SPECIMEN SC2-28-5/8



FIGURE 4.6 MEASURED DEFORMATION OF SPECIMEN SC2-28-5/8(2)
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FIGURE 4.26 MEASURED DEFORMATION OF SPECIMEN SC5-36-5/8
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5. EVALUATION OF TEST RESULTS

5.1 Introduction

In the preceding chapter, the general behavior of the connection
models has been described with the aid of diagrams related to the defor-
mation of the assemblies. All tests were carried to displacement limits
at which there was no further increase in the resistance of the conne~tion
or until failure had occurred in one part of the assembly. There are
several possible modes of failure in a connection. Depending on the
loading condition and the relative strength of the components, anchor
bolts, nails, or timber parts may be the most critically stressed elements.
For the type of connection models included in the test program, an
attempt was made to avocid failure of the 8 ft long walls by prov ding
lateral supports for the transversely loaded specimens. For the most part,
chis measure helped to induce failure in the connsction assembly rather
than in the wall itself, and wall height was not considered as a para-
meter. In the following assessment of strength, Uniform Building Code(ll)
requirements will be taken as the measure for comparison. When appropriate,

the discussion will be complemented by observations on the experimental

behavior of the connection mock-ups.

5.2 Code Provisions

Table 5.1 lists allowable shear on bolts for masonry. The code
provides for an additional 2 in. of embedment for bolts located in the top
of columns for buildings in Seismic Zones 2, 3, and 4. Also, masonry
strength restrictions apply to 1 and 1-1/8 in. diameter bolt use. The
Uniform Building Code does not list any allowable pullout loads for bolts
embedded in grouted masonry.

Allowable lateral loads on nails are given in Table 5.2, reproduced
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from the Uniform Building Code. Safe pullout loads on common nails are
lisced in Table 5.3; there are no provisions listed for box nails which
have smaller diameters.

Certain general design restrictions apply in the code provisions.
First, all allowable stresses and values specified in the UBC for working
stress design may be increased one-third when considering lateral forces
due to wind or earthquake. Following the poor pe:formance of wood
diaphragms during the 1971 San Fernando earthquake, a1 provision was made
that lateral anchorage between roof and masonry walls should be capable
of resisting a minimum of 200 1lb per foot of wall by mcans of a positive
direct connection(S). Moreovar, in Zones 2, 3, and 4 this anchcrage is
not to be accomplished by use of toe-nails, or nails subjected to with-
drawal. Secondly, wood fram.ng subjected to cross grain bending or tension
is not allowed. A reduction factor of 5/6 is specified for the shear
resistance of toe-nails. Nails driven parallel to grain of the wood are
not allowed for resisting withdrawal forces.

Safe lateral loads for nails have been determined with a view to
reducing leflections, and have a minimum strength safety factor of
five(IO). In recognition of the great variability in the quality of site

workmanship, allowable shear loads for bolts have comparable margins of

safety.

5.3 Evaluation of Experimental Results

As stated in Chapter 2, investigation of the behavior of roof
connections was undertaken with a view towards complementi , . parallel
study concerned with the seismic behavior of single-story masc -y houses.
Selection and Aesign of the connection mock-ups were made in consultation

with professional engineers in Arizona and Utah. Local construction
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practice (with its idiosyncracies) is therefore reflected in the models
tested in the program.

In Table 5.4 a summary is presented of the measured strengths of the
connections along with signi.icant features of each test. These include
wall material, construction and test phase and type i loading. Two
different numbers define the measured resistance. One is the greatest
actuator force recorded during any given quarter-cycle excursion, which is
usually zttained only once. The second definition is synonymous with the
greatest ordinate of the hysteresis envelope and corresponds to the largest
average resistance of three consecutive cycles of loading. The latter yields
a more rational definition for strergth because connections would be
subjected to a spectrum of ocading cycles at different amplitudes during
an actual ground motion. All connection mock-ups weve subjected initially
to three cycles of displacement at an amplitude of 0.1 in. (see Chapter 3),
then the imposed lisplacement amplitude was incremented (usually by 0.1 in.)
until no further increase in resistance occurred or until failure took
place in the assemblv. stiffness was deiined on the basis of
average resistance during the initial three cycles, and stiffness values
recorded during subsequent cycles were expressed 2s a fraction of the
initial value. Table 5.4 also lists initial stiffness values as well as
measured stiffnesses at an imposed displacement of 0.5 in. expressed as a
fraction of the initial.

Strength of the connec .ions can be rated on the basis of allowable
loads for nails, bolts and framing anchors. Tn the two cases for which
deformation and ultimate failure took place in the walls, allowable loads
based on the strength of bolts and nails are also given.

The timber components were assembled in the laboratory after anchoring

the walls in place. Construction details described in Chapter 2 were
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closely followed so that no major deviations or flaws were built into the
specimens. Thus, the allowable loads were determined on the basis of the
specified construction. For the comparison contained in Table 5.4, nails
and bolts have been taken as the measure of allowable load; strength of
walls and timber are excluded from the parameter list. Comparison of
measured versus permissable strength is based on the maximum averaged
strength. The 1/3 increase in allowable loads has not been considered
since loads were applied slowly.
(a) Failure of the connections in group Cl was due to deflection of
the nails. Application of the in-plane force to the plywood sheathing
resulted in rocking of the bottom chords in which pullout and slip
of the nails were combined, as seen in Figs. 4.3 and 4.4. The
maximum attained resistance values of 2.42 and 3.55 kips in the 5/8
and 1/2 in. diameter bolt specimens, respectively, reflect this
peculiar loading condition, as well as possible effects of load
reversals. Application of cyclic loads with gradually increasing
displacement amplitudes apparently leads to a significant loss of
strength, which was not considered in the experiments upon which
code allowable values were based. However, if the rotation of the
four bottom chord elements had been reduced through the use of
strcnger blocking, the shear strength of the assembly would have
been greater. Although the 2x6 in. fascia boards imposed some
rotational restraint through the action of the two ltd4-nails at both
ends of the "joists", the effectiveness of this was also red
because of load reversals.
If judgment is based only on the lateral strength of the nails
toe-nailed fror the joists into the top plate he safe shear force

for specimens in group Cl would be 800 1lb. (ine metal framing anchors



do not contribute to resistance against in-plane shear loads.)

Similarly, allowable load only with regard to bolts would be 1,500

1b for C1-28-5/8 and 1,100 1lb for Cl1-28-1/2. Nailing of the plywood

to the joists and the fascia boards produces greater allowable resist-

ance, and is not considered for the determination of minimum rated

strength. Maximum average resistances of Cl-28-5/8 and Cl-28-1/2 were
2.30 and 2.99 kips, respectively. The ratio of maximum average
resistance to minimum allowable strength thus becomes 2.88 and 3.74
for the two specimens. This ratio is lower than the implicit margin
of safety for nails because:

(i) maximum resistance is an average quantity,

(1) considerable previous working of nails had occurred at

the time of maximum resistance, and
(iii) nails were subjected to uplifting coupled with shearing
due to the geometry of the assembly.

(b) The allowable lateral strength of the specimens in group C2,
based on nails and framing anchors combined, is 1,380 1b since framing
anchors have rated resistance to forces applied parallel to the joists.
While the actual diameter of anchor bolts would be dictated by the
requirements of the design, it appears advisable to distinguish between
shear loads on bolts applied parallel or normal to the face shell. The
limited number of bolt shear tests carried out as part of the material
control program, suggests that bolt fai. ire due to splitting of the face
shell and the grout bearing against it, may become a significant
parameter. The increased resistance is reflected in the higher values
for maximum single peak or average strength values given in Table 5.4.
(c) For specimens in group C3, which were tested by applying transverse

.orces to the two ties, it is debatable whether the actual behavior of



the connection under field conditions, is similar to the highly
idealized mode of the tests. Ignoring any contribution from the dry-
wall to transverse strength, six 16d-nails driven into the two 2x4
in. chords would yield an allowable load of 480 lb. Rotation of the
"bottom chord" into which the truss ties were nailed produced a
pullout effect on nails, as shown in Fig. 4.9(b). This rotation due
to “he load transmitted from the top edge of the simulated truss
chord (see Fig. 2.5), was resisted by four 16d-nails driven horizon-
tally from the chord to each of the two nailing blocks. The most
critical loading direction on the assembly is opposite to that shown
in Fig. 4.9(b), when the chord subjected the nails to direct pullout.
In this mode of response, however, the allowable force would be

based on nail pullout strength, and would also depend on the exact
location where the nails were driven into the blocking. Experimental
observations of this type of connection on a small masonry house

subjected to simulated earthquakes(?'B)

did not indicate any pullout
of nails in the blocks, implying a somewhat different response
mechanism. Contrary to this, inspection of the nail holes in the
truss bottom chord after the shaking table tests indicated a similar
pattern of nail working to that for the in-plane connection tests.
Hence, it can be concluded that the three C3 type connections tested
in-plane represented a more accurate modeling of actual structural
behavior. Ratios of maximum average resistance to allowable loads
also reflect this similarity, and are of the same order of magnitude
as those corresponding to the Cl and C2 groups. Allowable shear

for 3/8 in. diameter bolts was taken to be the same as that for rein-

forced gypsum concrete.
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Initial stiffness values are not totally representative of the
connection proper, because they include such parasitic effects as
deformation of the walls, especially in the transverse direction.
Nevertheless, stiffness quantities for connections of type C3 are in
agreement with the manner of loading and measured strength. Also,
the stiffness reduction at an imposed displacement of 0.5 in. is
similar for similarly loaded specimens.

(d) For models of type C4 and C5 subjected to both eccentric
and symmetric transverse forces the anchor bolts were in direct
tension for which no provisions are made in the UBC. Largely
inspired by the poor performance of roof diaphragm connections

during the 1971 San Fernando earthquake(4)

, a4 provision was included
in the 1976 edition cf the UBC requiring appropriate mechanical
anchorage of masonry walls to roofs. A special requirement
applicable to Zones 2, 3 and 4 further stipulates that such
anchorage shall not be accomplished by wood framing members sub-
jected to cross grain tension. As described in Chapter 4, failure of
the C4 type connection was primarily a consequence of bolt pullout.
For this mode of failure, there is an intimate interrelationship
between maximum connection strength and bolt location, masonry unit
and grout strength and grout placement. This interaction is
reflected in the scatter of the entries in Tabie 5.4. The following
observations may be made from the tabulated values:
(i) Bolt pullout strength appears to be independent of bolt size
for the embedment and masonry strength considered.
{ii) Gravity loading does not reduce connection strength.
(iii) Use of grout rather than mortar for embedment of bolts produces

superior strength.



112

In eccentrical.y loaded connections of type C5, the ledger appeared
to be the most vulnerable link in the assembly. The oversized 2-1/2 in.
square metal plates failed to prevent splitting in the ledger due to
cross-grain tension and warping. When even larger metal plates were
employed in the symmetrically loaded connections, there was ar immediate
increase in initial stiffness and failure was forced into the bolts instead.
Still, ledger deformation was significant as evidenced in the ledger-
plywood separation diagrams presented in Chapter 4.

Allowable load on the connection assemblies of type C4 was determined
on th2 b~sis of the shear resistance of nails in the joist hanger and the
contribution of the plywood sheathing. For type C5, this was simply the
shear resistance of 6d-nails spaced equally on an 8 ft long ledger.
Although no failure in either group was attributable to nails, a comparison
with measured resistance is included in Table 5.4 for completeness. An
overall appraisal of connections in the C4 and C5 types supports the
implied philosophy behind code requirements related to the use of bolts in

direct tension.
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TABLE 5.1

ALLOWABLE Sd4ENAR ON BOLTS

Solid Grouted

Diameter of Embedment Masonry Masonry
Bolt, in. in. kips kips
1/2 4 0.35 0.55
5/8 4 0.50 0.75
3/4 5 0.75 1.10
7/8 6 1.00 1.50
1 7 3:28 p P
1-1/8 8 1.50 2.25

from reference (11).
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TABLE 5.2

SAFE LATERAL STRENGTH AND REQUIRED PENETRATION OF BOX
AND COMMON NAILS DRIVEN PERPENDICULAR TO GRAIN

Size of Standard i Penetration Required . Allowable
Nail Length, in. in. Load, 1b
Box Nails

6d 2 1-1/4 47
8d <=1/2 1-1/2 59
104 3 1-5/8 71
124 3-1/4 1-5/8 71
lé6d 3-1/2 1-3/4 80
204 ks 2-1/8 104
304 4-1/2 2-1/4 116
40d 5 2-1/2 132

Common Nails

6d 2 1-1/4 63
8d 2-1/2 1-1/2 78
104 3 1-5/8 94
124 3-1/4 1-5/8 94
lé6d 3-1/2 1-3/4 107
204 4 2-1/8 139
304 4-1/2 -1/4 154
40d 5 2-1/2 176
50d 5-1/2 2-3/4 202
60d 6 2-7/8 223

Notes: (1) Values listed are for Douglas Fir, Larch or Southern Pine.

(2) For wood diaphragms thes: values may be increased 30
percent.

from reference (1l1).
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TABLE 5.3
SAFE PULLOUT RESISTANCE OF COMMON WIRE NAILS

Size of Nail
Kind of Wood

6d | 8d | 1Cd | 12d | 164 | 204 | 30d | 404 | 50d | 60d

Douglas Fir, Larch | 29 | 34 | 38 38 42 49 53 58 | 63 68

Southern Pine 34 | 39 | 44 4 49 57 61 67 73 79

Other Species Listed in UBC Standard No. 25-17

Note: These values are for nails inserted perpendicular to grain

of wood, in pounds per linear inch of penetration into the
main member.

from reference (11).
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5.4

SUMMARY OF TEST RESULTS

O struc~-| Test fated Strength Max. Max. /verage P T oo Initial |Ratio og Stiffness Failure
Type! Reference Code | Wall Material [tion Phase Type of Loading Nalling Bolts | Resistance| Resistance i—ﬁm‘- Stiffness |at 0.5 ia. Disp. to Due to
Phase kips kips Kips Kips i Kip/in. Initial Stiffness

¢l {C1-28-5/8 Concrete Block 1 1 in-plane 0.80 1.5%0 2.42 2.30 1 2.88 9.24 0.52 Nails
Cl-28-1/2 Concrete Block 1 1 In-plane 0.80 1.10 3.55 2.99 3.74 12.12 0.46 Nails

€2 |Sc2-28-5/8 Concrete Block 1 3 Sym. Out-of-plane 1.38 1.50 4.02 3.63 2,63 15.88 0.42 Nails
§C2-28-5/8(2) Concrete Block 1 2 Sym. Out-of-plane 1.38 1.% 4.10 31.54 2.5%7 16.56 0.41 Nails

c3 |[C¥-32-0/2 Concrete Block 1 1 Eccentric Out-of-plane; 0.48 1.10 0.90 0.72 1.50 3.1% 0.41 Nalls
€1-52-3/8 Concrete Block 1 1 Eceentric Out-of-plane| 0.48 0.65% 0.84 0.6% 1.44 2.15% 0.65 Nails
C3-28~3/8-1P Concrete Block 1 2 in-plane 0.64 0,6% 2.42 1.91 2.98 1.9 c.34 Nails
C3-28-5/8~1P Concrete Block ! ! i In-plane 0.64 1.10 2.10 1.7% 2.73 12.58 0.25% Nails
C3-28-5/8~3/8-5P | Concrete Block 1 2 |in-plane 1.94 1.7% 6,26 5.04 2,88 24.85% 0.41 Nails

c4 [C4-36-5/8 Concrete Block 1 1 Eccentric Out-of-plane | 1.43 — 2.95% 2.59 1.81 168, .86 0.24 Bolt Pullout
C4-56~1/2 Concrete Block 1 1 Eccentric Out-of-plane| 1.43 S 4.29 3.9% 2.7 15.4% 0.60 wWall
SC4-36-5/8-1450 |Concrete Block 1 2 Sym. ut-of-plane, 1.43 — 6.26 5.5 3.8% 24.28 0.48 Bolt Pullout

Roof Dead Load
$C4-36-5/8 Concrete Block 2 2 Sym. Out-of-plane 1.43 M 1.46 1.24 0.87 10.29 0.14 Bolt Pullout
SC48-36~5/8~1450 |Brick 2 2 Sym, Out-of-plane, 1.43 - 1.85 3.35 2.0 26.54 0.2% Wall & Bolt
Roof Dead load Pullout

cS |C5=56~1/2 Concrete Block 1 1 Eccentric Out-of-plane| 0.61 —— 1.40 1.28 2.10 4.1) 0,56 Ledger
C5-36-5/8 Concrete Elock 1 1 Eccentric Out-of-plane| 0.61 — 1.70 1.97 2.57 4.64 0.55% Ledger
SCS-36-5/8 Concrete block 2 2 Sym. Out-of-plane 0.61 e 1.81 1.50 2.46 7.48 0.26 Bolt Pullout
SC5-36~1/2 Concrete Block 2 2 Sym. Out-cf-plane 0.61 — 1.92 1.70 3.79 11.90 0.25% Bolt Pullout
SCSB~32-5/8 Brick 1 2 2 |sym. out-of-plane 0.6l —- 1.68 1.96 2.4 6.45 0.47 ;L-.u

911
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6. CONCLUDING REMARKS

6.1 Summary

The strength and behavior under load reversals of the following five
basic types of timber roof - masonry wall connections were tested, with
emphasis on Seismic Zone 2 conditions:

Cl load bearing gable roof connections subjected to in-plane loads

applied to truss rafters

c2 load bearing gable roof connections (identical to Cl) subjected

to out-of-plane loads (actuator force) applied to rafters

C3 non-load bearing gable roof connections subjected to in-plane

and out-of-plane loads

c4 load bearing flat roof connections subjected to out-of-plane

loads

C5 non-load bearing flat roof connections subjected to out-of-plane

loads.
Structural details of these connections are presented in Chapter 2.

A careful cistinction was made between the behavior of the connections
for in-plane (i.e., parallel to the plane of the wall segment) loads and
transverse loads (i.e., normal to the plane of the wall segment). Other
parameters tested were the type of unit used in constructing the wall,
addition of roof dead load, diameter of the bolts, and eccentric or
symmetric application of the simulated earthquake forces to the entire
connection assembly.

Connection specimens in the Cl and (2 groups represented a portion of
a bearing wall with truss bottom chords at a spacing of 2 ft nailed
perpendicular to a single 2x6 in. top plate (Figs. 2.2 and 2.3, respectively).

In these specimens, two of the four joist chords were also secured to the
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top plate by means of metal framing anchors. In group Cl the in-plane
strength of the assembly was determined by applying three displacement
controlled cycles of loading at a selected amplitude into the plywood
sheathing, and repeating this at successively increasing amplitudes until
no further increase in load was detected. The maximum resistances of both
Cl sperimens were well above the allowable force according to the Uniform
Building Code, but the factor of safety intended in the code provisions,
without taking into account the permissable 1/3 increase, was not
achieved. There are two reasons for this. First, under the application
of the lateral force the joists displaced in a mode which combined slipping
with rolling, and the toe-nails were pulled up from the top piate.
Secondly, the reversal of the applied shear load produced a "softening"
action on the nails for which allowable loads have been determined from
monotonic load experiments. In group C2, the horizontal load was applied
parallel to the joists so that the metal framing anchors also, effectively
resisted the imposed displacemerts. On the whole, observed strengths of
the connections in both groups were satisfactory and failure occurred in
the nailed parts of the assemblies indicating a potential source of energy
dissipation for similar details built into actual structures. Bolt size
did not play a rol: in determining strength. The strength and mode of
failure could be determined in a realistic manner, although both Cl and C2
were essentially two-dimensional representations of an actual connection.
Connections in group C3 represented the gabled end of a truss roof
system parallel to a transverse wall. The dimension corresponding to the
height of the trusses was again not represented in the actual models and
the transfer of inertia effects between the roof diaphragm and the wall
was simulated, either by applying transverse cyclic forces to the "truss-

ties" placed 6 ft apart (Fig. 2.5), o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>