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ABSTRACT

}port presents the results of a generic program that responds,
in pal'NR( IE Bulletin Numder 79-02. The work was performed by
Teledneering Services for a group of fourteen utilities.

rerimental 'nd analytical work was performed in this generic
progriar-tension interaction tests and cyclic test of concrete
expannors was performed and a pre and post processor to an
existte element program were developed to facilitate base plate
analy

ortant general findings of this program are:

ncrete expansion anchor holts which are not preloaded do
t deteriorate when subjected to cyclic loading.

lincar assumption for shear-tension interaction loading on
ncrete expansion anchors is highly conservative. Actual
rve., for shear-tension interaction are presented here.

‘e plate flexibility should be considered in determining
Inad on concrete expan.ion anchors.

:ting performed under this program does not indicate a
1son for applying differcnt safety factors to different
)es of expansion anchors.

owing list identifies tho<e utilities who are members
of the/TIS qroup.
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1.0 INTRODUCTION

feledyne Engineering Services was authorized by fourtioen utilities
to provide enginecring services which would assist the utilities in
responding, in part, to USNRC I3€ Bulletin 79-02, dated March 8, 1979.
Bulletin 79-07 required response to a number of items associated with
base plate flexibility and its concomitant effect on concrete expansion
anchor bolts. [t was determined by the Utility/TES group that a nunber
of items in the buketin were generic in nature and could be addressed
more substantially by combining resour-es and technology.

The specific bulletin items addrussed by the Utility/TES group
are:

by The experimental development of shear-tension interaction
curves to properly apply the specified bulletin safety
factors for combined loading,

. Lxperimental determination of the adequacy of concrete
anchor holts .hat are not preloaded to withstand cyclic
loading.

()

An analytical technique for determining the effect of base
plate flexibility on concrete anchor bolt loading.

.1 Owner': Group Responsibility

The Owner's Group was responsible for directing the efforts
of TI'S and reviewing the specific tasks as they were performed and
compieted.

1.2 lrn}ja}_ﬁggaggggjgg

On April 26, 1979, the Ut11ity/TES group met with the NRC
in Rethesda, Maryland to discuss this qeneric program and its appliicability

)



Technical Report
TR-3501.1 ..

to Bulletin 79-02. Representatives from both [4E and NRR were in
attendance and their gencral conclusion was "the proposed program wouid
addree. the concerns over the base plate/anchor bolt installation in a
fashion that i acceptable to NRC."

2.0 SCOPC_ O WORK

The Owner's Group formalized the scope of work to be pursued by
TES on Auri *2, 1979 at a Utility/TES meeting. The scope of work is
separated into three Tasks, as follows.

7.1 Task 1 -_Shear-Tension Intcraction Curves

Under this Task, TES wa' authorized to develop “hear-tension
interaction curves for the concrete anchor bolts used by the participating
utilities. These curves were developed using experimental techniques
discussed in detail in Section 3 of this report. Where possible, TES
took advantage of existing published data to reduce the number of tests
required to be performed. In those cases where data made available by
others was used, TES performed at least one test to verify the received
data.

The deselopment of shear-tension interaction curves is
important <ince it provides the mechani.m for qenerating a design curve
for cvaluating coniiined loading on anchor bolts. Prior to the develop-
ment of these curves, the majority of data available was pure tensicn or
purc <hear. [his required the use of linear interpolation between the
teniion and <hear values or some assumptions as to the shape of the
shear-tension interaction curve.
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2.2 Task 2 - Cyclic Capability of Concrete Anchors

linder this Task, TES was authorized to perform cyclic tests
of concrete anchor bolts used by the participating utilities. This
task was undertaken to demonstrate Lhat preload on the anchor was not
the critical factor in the resistance of concrete anchor bolts to cyclic
loading. [t was felt that the critical factor was setting of the anchor
(sleevn, wedqe or shell) in the concrete. Further, since a given
manufacturer uses the same design concept and manufacturing process for
a line of anchor bolts, it was determined that size of the bolt was not
a factor and the tests were performed for one size only. The size
selected for testing was 3/4 inch which was generally the average size
for all manufacturers used by the participating utilities. Also,
confirmatory tests on 1/2 inch and onc inch bolts were performed.

The cyclic test details are discussed in Section 4.0 of this
report. Generally, the anchors were cycled at two frequencins with varying
load. veprecentative of a seismic event and normé1 operating vibration, The
anchor wa'. monitored during cyclic lewling to determine if pullout was
occurring and at the completion of Lhe cyclic teit, the anchor was pulled
to destruction. The destructive tc.t was performed to determine if any
decay in the ultimate failure load nccurred due to cycling,

Thi tes! was important <ince it was necessary (o show that
dolt o+ vlnad was not an important luclor affecting anchor bolit adequacy in
a cyclic environment. The setting of the anchor bolt holding device
(31e0we, wedge, shell) was determined to be the appropriate criteria.
This would allow the utilities to demonstrate on a plant unique basis
that the anchoring devices were sot and oliminate any requiroment to
check preload. Further, determination a5 to the ultimate static
capability of anchor bolts in a ¢yclic environment is import.int
information in designing and evaluating anchor devices.
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2.3 Task 3 - Development of Analytical Techniques for Base
Plate - Anchor Bolt Analysis

linder this task, TES was authorized to develop an analytical
tool that was capal.le of considering the effects of base plate flexibility,
concrote-plate interaction and bolt stiffness. This tool was to be gsed
by the participating utilities for analyzing existing base plates for
which flexibility was not considered,

It was important that the program was easy to use, did not
require considerable input or detailed evaluation of output. The ability
to consider various base plate attachment types, non-uniform bolt
confiquration., and non-linear bolt stiffnesses was determined to be
advantageous by the participating utilities. A detailed description of
the computer program is included in Sertion 5.0 of this report. Part
of the verification proce<s of the devrloped program was 'n compare the
resulls to that oblained by testing an actual base plate with concrete
anchor bolts. The results of this comparison are also given in
Section 5.0,

Using this program, TES developed a number of curves that
can be used for the determination of anchor bolt loads for specific
size hase plates and specific types of anchor bolts. These curves
also appear in Seciion 5.0 of this report.

3.0 TASK 1 - Sﬁ[ﬁR_;_TEﬁ;XON INTERACTICN
.1 Introduction
Althougn most manufacturers provide ultimate lodd data for

pure tension and pure shear, few provide such data for combined loading
cases. In order to develop such data, testing of certain exuansion
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anchor- in concrete was conducted. The number of tests for each

manifar turer, type and size was determined by their use by members of
the utility group and the quantity of data available from other sources.
Table i1 outline. the manufacturer tyve and sizes that werr tested.

All testing complied with ASTM Specification E-488.

.2 Objective and Scope

The major objective of the Shear-Tension Interaction test
series was to develop data to be used to construct the shear-tension
interaction curve, defining the ultimate load capability of each anchor
for range of <hear and tension loads.

[t is important to recognize that the shear-ten.ion inter-
action testing was performed to more represent field conditions than
laboratory conditions, Expansion anchor installation and hole drilling
was based on manufacturer's reconmendations and this work was performed
by a number of different individuals in order to introduce human variables
similar to field installation. The s1ibs were drilled outside where the
environmental conditions varied widely and would have an impact on the
human factor. There was no attempt to make environmental conditions
ideal nor was any more control of installation required than would be
done at a field site using normal QC and QA procedures. This approach
was uscd since the program was attempting to determine the adequacy of
expantinn anchors in existing generating facilities and tried to account
for the variables ususociated with environment and human factor effects.

A1l records were made on Iwo X-Y recorders, one plotting
shear load verwus tensile load, the o!her plotting tensile load versus
tensile desplacement or shear load versus shear displacement in the
case of pure shear tests.
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TABLE 3.1

SHEAR-TENSION INTCRACTION TEST MATRIX

Catalogue Size

Mfq/Type  Designation 174 3/8 1/2 5/8 5,4 7/8% 1 1174
Phi ]_1 ps

*Snap Off 5 X X X

Wedqe WS X X X X X X

Slecve HN X X X X

Stud Anchor IS X
Hilt)

Kwik Bolt 5500XXX X X X X X X X
USM

Parabolt Py X X X
ej-1

Stud X X X X X X X X
Ravi i

*Snap Ot! BUXX X X
star

Sluy-In X X X X X
Ramset

Wedage X X X X

Slonye X { X

*Manufacturer's input stated that Ruwl Snmap Off and Phillips Snap Off
are identical, 'herefore all sizes were not tested for these types
and the data is interchangeab’e.
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3.3 Test Set-up

A special purpose testing machine was designed and built to
simultaneously apply shear and tension loads to anchors installed in
concrete slabs. The machine consisted of a supporting structure and two
orthoqonal hydraulic cylinders of 70,000 pound capacity each (see Figure
3.1). Loading of the anchors was applied through pinned joints and load-
measuring links. A feedback control based on the measured load, load
rate command and pre-selected shear-tension ratio was used to control the
action of the hydraulic servo-valves (see Figure 3.2).

The concrete slabs were unreinforced concrete with a specified
miniium compressive strength of 3000 Ib/inz at 28 days and a size of
3-1/2 feet « 7 feet x 1 foot thick. The testing machine rested on the
slab and the tencile and shear loads were reacted directly back into the
slab.

A disulacement transducer was supported separately on the
concrete nlab and measured the vertical displacement of the bolt, except
in the case of all shear loading. In that case, the horizontal (shear)
deflection of the shce was measured relative to the slab.

Each hydraulic cylinder was coupled to a servo-valve driven
by a force-feedback differencing servo-amplifier. The command signal,
consicting of a ramp function, was -imultaneously applied to each servo-
ampiitier. lhe lovel of the signal was controlled by the chosen shear/
tension ratios. The rate of increase in the ramp's amplitude was set
according to the size of the bolt so as to apply the ultimate load in
a period of one minute or more from start of loading.
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LEGEND
a. Tension Cylinder
b. Shear Cylinder
c. Tension Load Link
d. Shear Load ! ink
e, Baseplate Shoe
f. Rollers
g. Anchor (Test [tem)
h. Concrete Slab

Fiqure 1.1 Overall View of Major Test Item Components
(Sectioned for Clarity)
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;.4 Test Hard\vars

A1l concrete slabs were more than 28 days old (since pouring)
prior to testing. Holes were drilled according to manufacturers
recommendations. Hole spacing was based on a minimum ten diameter
radius. All holes were drilled using rotary-impact type drill motors
and carbide bits (except for self-drilling types). Installation of the
anchors followed manufacturer's recommendations. In most cases.] the
embedment depth was the minimum recommended by the manufacturer for the
particular bolt tested. Testing of the anchor was carried out within
one day after installation.

Seven manufacturers were represented by the anchors tested.
Bolt diameters ranged from 1/4 to 1-1/4 inches. Combined with the
various types to be tested, this yielded a total of 46 different
combinations,

3.5 . Test Instrumentation

The 1nad links (see Figurc 3.3) were used for test control and
test recording purposes; they provided both the feedback signal for load
control purposcs and the load signal for display of test results. Signal
conditioning (excitation and signal amplification) was provided by
Vishay 2100 scries equipment, The combination of signal conditioning
and Toad link was calibrated against a 1/4 percent NBS traceable load
cell to 50,000 pounds.

Deflection (in either the shear or tensile loading directions)
was provided by a Trans-Tek spring loaded DCOT (Direct Current Deflection
Transducer) of one inch range, Calibration of the unit was performed by

‘ln five cases, the combination of available anchor length and
fixture dimen<ion. did not allow the exact recommended minimum embedment
depth. Actual te't embedments are viven on Fimures 3.5 through 3.50.




“"TELEDYNE

Toehnica) Repert ENGINEERING SERVICES
TR-3501- 1 -11-
HYDRAULIC
rotis s /—- CYLINDER
A
ADAPTER
PINNED JOINT
LOAD LINK
CLEVIS
SHOE
YOKE
. / —_L0AD LINK
A \— L — Tensiln :
: '/ leflection /
 {ckoff ot
N W il q
E s | B
- 1= | f % |
i . > ]_ s
j ¢ : PINNED / /7
‘ JOINT ! /
g g HYDRAULIC _
"IN CYL INDER
, | — CONCRETE
Figure 3.3  Setup for Load Application in Tension and/or Shear



I TELEDYNE
ENGINEERING SERVICES

Technical Report
TR-3501-1 ]2

inserting Gage Blocks hetween the bolt or shoe and the end of the
transducer. This was accomplished before each day of testing and
periodically as required for set-up adjustments. All initial readings
were zeroed by mechanically positionring the transducer to its electrical
Zero position. This procedure allowed range changes during the course
of a test without interruption for calibration.

w0 X-Y recorders, Hewlett-Packard Model 7045, were used in
the voltage-voltage mode to record the force and deflection data. Adjust-
ments were made to the Vishay amplifier gains and excitation for the
0COT to produce transducer outputs resulting in full unit sensitivities,
In this way, the calibrated dttenuator controls of the recorders were
used without the need for trimming (see Fiqure 3.4),

3.6 Test Procedure

Depending on the size of the anchor, it was installad before
or after positioning the testing machine. Small sizes were installed
with the machine in its final position. [In either case, the shoe was
placed over the anchor prior to setting the wedge (or torguing in the
case of shell anchors). After a check of the Toad Tink zeros the shear
yoke (connecting the shoe with the shear load Tink) was brought to
contact and the tension clevis was pinned to the shoe. Thereafter, the
deflection transducer was positioned and zeroed.

'esting was started hy nitiating the ramp function generator.
Loading, as determined by the shear-tension ratio selector, was then
applied at a uniform and simultaneous rate untii failure. Failure in
all cases was the inability to carry further loalding in either direction.
At that point, both loads were brought to zero. The observed failure
mode wis noted on the test record.
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cpending on the various factors, each test was performed at
one ol five different, preselected loading conditions:

a. All Tension (S/T = 0)

b. Tension equals (2.414) Shear (S/T = 0.414)
. Tension equals Shear (5/T = 1.0)

4.  Shear equals (2.414) Tension (S/T = 2.414)
. All Shear (S/T ==)

(n all cases except all shear, the tensile load was plotted
againit the tensile (vertical) deflection as measured at the top of the
bolt or stud. In the cases of all shear, the shear load was plotted
against the shear (horizontal) deflection as measured at the aft end
of the <hoe (<imulated base plate).

i.7  Shear-Tension Interaction Curves

(1qure 3.5 through 3.50 represent shear-tension interaction
curve. fur the bolt types and sizes shown in Table 3.1.

'he ordinate represents the average tensile load divided by
the ultimite tonsile load and the abscissa represents the average shear
load divided by the ultimate shear load. Tests performed by TES are

shown 45 on the curves; the average valye of these tests, which are
used a' curve plot points, are shown as A ; manufacturers catalogue
data are shown as * ; additional manufacturer's data, independent data

and FIT7 data are shown as . The manufacturer's data is not used in

arriving at the average values but is given for comparison purposes.
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4.0 TASK 2 - CYCLIC CAPABILITY OF CONCRETE EXPANSION ANCHORS

A.1  Introduction

This section covers the cyclic testing of concrete expansion
anchors, which was performed as part of the generic anchor bolt program.

A.2  Test Specimens

Cach test specimen consisted of a 14 inch cube of concrete
with a single anchor bolt installed in it. The concrete was specified
as having a 28 day minimum compressive strength of 3000 psi. ASTM
Specifications C-150-78 and C33-78 were also specified for the concrete.
The maximum agqreqate size was specified as 1-1/2 inches.

A1l anchor bolts were instailed according to the manufacturers
specification, All installations utilized the turn of the nut criteria
rather than torgue. After setting the expansion anchor, the nuts were
backed off and then retightened snug cight or approximately one-quarter
turn in order to demonstrate cyclic adequacy without preload.

A simulatad fixture was placed under the nuts betore installation
in the test machine, The minimum thickness of the simulated fixture was
one bolt diameter as specified in ACTM-E488. Installations of the bolts
were inspected for straightness prior to testing. Bolts with an angularity
between the block and bolt of 3° were rejected. The 1° criteria was
necessary tn aliow for proper mating of the test piece and the test
machine actuator.

The following Table defines the test matrix for cyclic
testing,
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Snap Off
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Kwik Colt
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Snap OffF
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Tug=In
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Catalogue

Design
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5500XXX
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-£2-

TABLE 4.1

CYCLIC TEST MATRIX
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Size
3/4 ]

(1) Also Two Tests with & Static Shear Load Applied
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4.3 Test Set-up

(he cyclic tests were performed using an MTS electro hydraulic
test machine. Fixturing was bolted to the stationary load cell of the
test machine to provide support for the test specimens (see Fiqure 4.1),

tach anchor tested was a stud bolt. For the tests involving
shell type anchors, a section of threaded rod was used to provide the
stud requircd for attachment to the test machine actuator.

The MTS was set to respond to load feedback during all of
the cyclic tests.

A record of load was taken at twenty minute intervals with

a Visicorder oscillograpn for all hign cycle tests ('IO6 cycles) and a
k]
single recording of load was taken for all jow cycle tests (107 cycles).

After each cyclic test, the anchors were pulled in tension to
determine the ultimate load. A pullout rate of 1/2 inch per minute was
used for all anchor pullout tests.

4.4 Test Procedure

1.4.1  Scope

The purpose of this procedure is to define the methods
and material. used in the cyclic testing of concrete expansion anchers.

1.4.7 Test Specimens
Each test specimen consisted of a concrete cube

measuring 11 inches on a side, with a uingle concrete expansion anchor
installed 1n the cube.
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1. Concrete Anchors

Ten types of concrete anchors were selected to
be subjected to cyclic testing, as follows:

a) Phillips Red Head Snap-off
b) Phillips Wedge

c) Phillips Sleeve

d) Hilti Kwik Bolt

e) USM Parabolt

f) Wej-It Stud

9) Rawl Snap-off

h) Star

i) Ramset Wedge

j) Ramset Sleeve

A1l of the above mentioned bolts were tested in
the 3/4 inch size. In addition, Phillips Red Head Snap-off and Hilti Kwik
Bolt were tested in the 1/2 inch size and Hilti Kwik Bolt and Wej-It
Stud were tested in the one inch size.

Also, two tests were performed on 3/4 inch
Ramset Sleeve, Hilti Kwik Bolt and Phillips Snap-off with a static shear
load applied.

2.  Concrete

The test cubes are made of concrete which
conforms to ASTM C94-782. Concrete conformed to the following regquire-
ments: 20 day strength 3000 psi, Portland Cement Type [l per ASTM
C-150-78, agqreqate per ASTM (33-78 maximum 3ize 1.1/2 inches.
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Bolt Installation

A1l bolts were instalied at minimum embedment
according tn manufacturers installation procedures.

4.4.3  Test Fixturing

The test fixture as shown in Figure 4.1 supported
the anchor bolt in an inverted position in the test machine. The top
part of the fixture was affixed to the stationary test machine load
cell. A simulated attachment nlate with a thickness of at least one
bolt diameter was installed under the nut and washer on each bolt. A
rigqid fixture was threaded on to the stud end of each anchor bolt,
ALL Tixtur 'ng contormed to ASTM LA with the exception that a rigid
connection was used between the test machine actuator and the anchor
bolt instead of the flexible one de.cribed in E488

4.4.4  Test Machine

The cyclic test. were conducted on an MTS electro-
hydraul ic test machine.

Calibrat_ig_u

The test machine was calibrated in accordance
with procedures set forth in the latest revision of ASTM E4. A1) standards
used for calibration have certificates to verify traceability to NBS.
AlT calibrations have been made within the preceeding twelve months.
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4.4.5 Testing

Each anchor bolt assembly was installed in the test
fixture and the bolt protruding from the cube was aligned with the test
machine actuator. Bolt installation was inspected for straightness

prior tn to-ting.

After connecting the stud end of the anchor bolt to
the test machine actuator, the bolt was subjected to cyclic tensile
loadings. During cyclic testing, the MTS test machine was in load
control mode.

Each type of anchor bolt assembly was cycled
according tn the following table:

Frequency Number of Cycles Maximum Load Minimum Load
3 Hz 1,000 Pu/é Pu/8
60 Mz 1,000,000 Pu/5 Pu/7.4

The shear-tension cyclic tests were performed in
accordance with the following table:
Ma x imum Minimum Static
Frequency  Number of Cycles Tensile Load Tensile Load Shear Load

/

30 Wz 1,000,000 Pu/5 Pu/7.4 V*/4

-
Vv* = Allowahle Shear Load (Vu/d)

Two tests were conducted on each type of bolt at
each frequency and load. The load appiied during each test was recorded
on an oscillograph for permanent record.
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Criteria for failure of a bolt is a one inch pullout
during cyclic testing., After completion of a cyclic test, the amount
of pullout, if any, was measured and the bolt was statically pulled to
failure in tension.

4.5 Test Results

No anchor pullout failures occurred as a result of cyclic
loading. Pullout, when it did occur, occurred when the bolt was initially
loaded. Maximum pullout observed was 1/4 inches. Once the initial
loading was complete, no further pullout occurred as cycling progressed.

A1 anchors survived the cyclic testing without failure.
The ultimate capacity of the anchor aft:r cycling was comparable to that
obtained in the shear-tension interaction test program,

Figures 4.2 through 4.8 graphically present the results of
this test program. The results are in the form of bar charts and show
ultimate <trength of the expansion anchors,

I. As reported by the manufacturers catalogue ([J),
2. from the TES shear-tension interaction test program (8),

1

3. and after completion of the cyeclic testing (0 = low
cycle, & = high cycle).
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5.0 TASK 3 - DEVELOPMENT OF ANALYTICAL TECHNIQUE FOR BASE PLATE -
ANCHOR BOLT ANALYSIS

5.1 Introduction

The lack of consistent design procedures for base plates
and expansion anchor bolts has been discussed in the literature for a
significant period of time. Base plate behavior, when subjected to
moment and vertical load, is dependent upon several variables. As the
moment increases with respect to the vertical load, the plate will bend,
the tension in the anchor bolts will increase, and the compressive stress
distribution in the concrete will become increasingly nonlinear.

when one reviews the common methods used to design moment
resistant base plates, it becomes clear that the complexity of the
behavior requires that simplifying assumptions be made. The simplest
method used is to assume that the plate rotates rigidly about one edge
and the maximum bolt load can then be solved Dy static equilibrium.
This approach is reasonable only if the plate is truly rigid and
rotation about an edge does occur.

A more sophisticated method involves the use of a concrete
beam analogy. This approach allows the designer to consider three
important variables: force in the anchor bolt, reaction force in the
concrete and the location of the concrete reaction. The use of concrete
bean analogy is inherently more accurate than the rigid plate assumption
since it considers more variables. However, the plate stiffness 1s not
specifically included; only the assumption that a triangular-shaped
stress distribution is developed in the concrete. For biaxial bending,
the common approach is to consider the bending moments independently,
then sum the calculated belt load.
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5.2 Finite Element Analysis

In order to asnalyze flexible bhase plate behavior, a finite
element technique was developed using the ANSYS computer program. The
base plate is idealized as a mesh of plate elements connected at the
corners or nodal points. The concrete is represented by spring elements
attached to the nodal points and to the ground. These spring elements
have th capability of resisting compressive forces in the vertical
direction only. Since the element cannot resist tension, the nodal
points are free to translate in the vertical up direction.

The same element type is used to represent the anchor bolts.
In this case, the element will resist tension only. However, a rotational
spring element may be activated by the user if moment resistance of the
bolt is required.

For the plate elements, flat quadrilateral shell elements
are used. This element has both bending and membrane capabilities, and
both in-plane and normal loads are permitted. The element can accomodate
six degrees of freedom at each node.

The 2ffect of varying the fineness of the finite element
mesh was studied in order to develop a mesh size that provided a

reasonable solution without requiring excessive computer time.

5.3 Generic Computer Program

Using the finite element techniques described in 5.2 above,
TES developed a pre and post processor compatible wish the ANSYS
program to be used in evaluating loads on expansion anchors. From a
minimum amount of input, the pre-processor generates the entire ANSYS
input file. The post processor retrieves information from an ANSYS
binary file and computes and tabulates information critical to the base

-

plate. The flow diagram in Figure 5.1 defines the basic operational system.
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A summary of pre-processor capabilities follows:

1. Generation of ANSYS input file.
2. Plot of finite element model.

3. The ANSYS STIF63 element is used to mode! the base
plate. It is also used to model the structural member attached. The
ANSYS STIF40 clement is used to model the anchor bolt (hock-tension only),
the anchor bolt shear (linear), and the concrete (gap-compression only).
The structural member attached (box, w..: flange, angle, channel) is
modeled with a single layer of elements. Typical base plate configurations
are shown in Figures 5.2 through 5.15. The preprocessor input parameters
are defined in Section 5.4.

4. The loading is applied to a node on the structural
member's cross section located at the centroid. This cross section is
modeled as a rigid body in accordance with beam theory (i.e., plane
sections remain plane). Six degree-of-freedom loading is permitted.
These loads (forces and moments) have the coordinate system orientation
of the base plate configuration. The preprocessor will prevent
execution of ANSYS if anti-symmetric loads are applied to half models.

5. The preprocessor internally divides the half mode] loads
by two to account for symmetry.

6. Ability tc add or delete anchor bolts.

|

Wave front minimization to reduce computer costs.
8. Capability to eliminate concrete springs,

9. Capanility to move the attachment within the bolt line

boundary.
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10.  Capability to apply a six degree-of-freedom lcading at
the centroid at the attachment.

1. Linear or bilinear tension-no compression bolt properties
can be considered. Anchor bolt material laws available in the pre
processor are shown below.

Linear Tension-No Compression

’

yd

o

F
|
|
;
; Kl
|

v

e

Bilinear Tension-No Compressicn

-
B
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12. The thecry outlined below is used by the preprocessor
to compute concrete spring stiffness. The following equation represents
the dispiaceme it of a half space resulting from a rectangular distribution
of load.

y . mP (]-vzz

AVE e A

wAVE = deflection

m = numerical factor (assumed .95) depending on the
ratio of base plate side lengths

p = total load

v = Poisson's ratio

3 = modulus of elasticity

A = surface arra of base plate
K = stiffness

The above equation is transformed to the following form
of base plate total stiffness.

P _ _EVA

K =
"AVE m (1-v9)

This total stiffness is applied to the base plate by
individual spring stiffness at nodes. These individual spring stiffnesses
are proportioned according to their contribution area. The post processor
then list each spring force as well as average concrete stress.
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13.  Shear and moment anchor bolt stiffnesses may also be
used to represent anchor bolts.

® = supported node

Km = rotational stiffness

Ks = shear stiffness

K1 = axial stiffness (linear)

K2 = axial stiffness (bi-linear)
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Figure 5.2
Box Column Half Model
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Figure 5.3 Box Column Half Model Node Numbering
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Figure 5.5 Box Column Full Model Node Numbering
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Figure 5.5
Wide Flange Half Model
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Figure 5.7
Wide Flange Half Model Node Numbering
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Figure 5.9
Wide Flange Column Full Model Node Numbering
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Figure 5.10
Channel Cclumn Half Model
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Figure 5.11

Channel Column Half Model Node Numbering

X

g2 o 34

8l 8%
E 11 29 Izﬁ 44 23 °3 19
Fi 17 21 27 47 51 7 L
5 15 25 35 s 35 3 “76
EB s 23 33 43 ’53 XY 73
[ n 2 23 4! 51 bl mn

Concrete Ground Nodes

® 0 *20 ®30 e 40 * 50 L0 ®0 e 20
*3 ®i3 * 8 e38 * 4% 58 L) I8
L 27 LA ® 20 * 35 v 4b LT L 1PN e
@4 * 4 24 *z4 e 44 L 0,4 *74
L 3 *i2 022 * 22 L 052 L 7 72



@

-93.

Figure 5.12
Channel Column Full Model
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Figure 5.13
Channel Column Full Model Node M .mbering
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Figure 5.14
Angle Column Full Model
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Figure 5.15
Angle Column Full Model Node Numbering
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lrom the results of the last iteration in the ANSYS solution,
certain information is required. The post processor reads an ANSYS
output file und computes and tabulates anchor bolt loads, maximum plate
deflection and node it occurs at, the load in the concrete and shear
elemen! . and Lhe average bending stresses across the length and across
the width of the plate. A sample protlem is included below to show the
POSL prucestor printout for a typical base plate.

Model Description: Channel column half model
18" x 18" base plate

Loads: MX load = 2500. in-lbs.

Stiffnesses: K 285 x 10% #/in

bolt = 0

o3 6 !

Ksnear = .30 x 10”7 #/in

Q’ = 4000 psi
Qimensions: A=90

B = 18.0

C =225

0= 2.25

E=3.0

F=4.5

G = 2.28

H=6.75

[ = 2.25

Thickness: T1 = 1.5 (Plate)
2 = 0.5 {Column Web)
T3

"

1.0 (Column Flange)
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. PRE PRUCFLUING PNR HASE PLATE ANALYLLS .
. e e T A v
. .
. SUMvMAYY OF INPUT K
» -
o CHAMNEL COLUMN WALF WUDLL MX32500, o
. L]
. HODEL TYMF 5 CHANNEL, HALF MOUEL t
. ]
. .
.I'......l..'-Q|....AA.llb't.............btl-thtﬁthl‘lltllt'll‘.l..illlll..‘.ﬁﬁit.l

o0 LQuDIN. DATA aw

Fx 0,
Fy 0,
Fl 0,
mx 25ua
My 0,
"z 0,

80 ANCHUR ENLT PARAMETFRS e

BOLTYT SIIEF-f5, wy «<HS00E+0S
BOLT 5 (rFar s x 0,

BOLY “LsaT ¢ nlsvL 0,

BULY a0 ran SEIFFNLSS L30000L+98
ROTaTlimaL STIFFaukSS 9,
CONCHETE STisi NGTH 4cog,0

fe A0LY LICATION. w»
183 0 0 0 2 0 0 0 0 0 0 o 6 0 0 0 0 0 0 ¢ 4 0 0 o

0o ELIMINATED rONCRETE SPRING LOCATIONS ae
2 4 & P10 O 9 0 0 0 0 O Q0 0 0 o0 ¢ 0 2 4 ¢ O 0 o
"0 9 0 o« 9 0 0 0 0 o0 0 0 o0 O0 o0 0O 0 0 o 0 0 0 0 o o
0o 9 0 4 0 0 0 9 0 0 0 0 6 0 0 0 O O U 0 0 o0 0 o n

oo DIMENSLIONS Beps CHANNEL MALF MODEL »»

A 9,900n
H 18, no0n
¢ ¢yttt
0 ""'\J‘)
€ $,8n09
F i, "gn)
G 220
“ h./u“,
1 eedvan

28 THICANEGSES oo

PLATE 1,000
nEn L0000
FLANGE 1.0090

o oo
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.'.'.‘...l’....l.tll....'...'.......'....'.'.l'.’.'..’..'...'.'...........'..“'

MCDEL TYPE

POSTPROCESIING FOR BASEePLATE ANALYSTS

.....-............’...".........'.......’..

CHANNEL CUILUMN walF MUDEL MXa2500,

SUMNARY OF RESULTS

CHANNEL COLUMN, WALF MUDEL

XaODIRECTION @

VALVE

LI1304E=0s
L35990k0 =0y
L44921E=0b
L1459k =08
L S2498E=0p

VALUE
~ 13878F=0p
e, 11157t=08
-, 14723k=0b
«, 1803407
Q‘TSGQQ[.OI

TeDIRICTION o

VAl UE

L4c3S9%teg}
J15504Eep}
L A9817E=0)
3231 1Eep}
L37987E=03

YalUE

=, 513704
o, {04K0E=04a
«, 2 7T09% =04
..#(7IOF-OC
., 2”554E=04

:QO:J‘CYXUN *

VALUE

LUT0S55E=06
JSh075E =008
LSi0AdE=0s
o 13396E=08
«32575E=00

VaAlLLUE

L] DISPLACEMEN)
MAX ] UM
NO,  NOCE
i 37
2 i5
3 33
4 3
5 23
MINIMUM
NG, NODE
32 71
31 &
30 75
29 3
28 S
'
MAXIHUM
NO, NOODE
i 9
2 ?
3 -
4 19
S 17
WINTMUN
NGO, NOLE
40 19
39 "7
b1 7S
37 73
36 71
»
MAXIMUM
NG, NODE
i a7
2 59
3 59
- 49
S s7
MINIwUM
NO, NUDE

SUMMARY (PLATE ONLY),
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29 « N5t =08
19 L40713E=Ch

9 ., 33T79E=08
17 . 3764908
37 ., $6523E=08

te  ANCHUR ANLTS 2

NUDESD AX AL

FOrCE

13 1e a3y, 087
63 w4 0,

*eCONCRETE SPRINGS @« Y DIRECTION®S

ELE™ENT NUDES FOKRCE
S 12 1 0,
7 14 13 0,
12 1o 15 0,
14 18 1? 0,
18 20 19 0,
17 22 21 0,
19 24 e} 0,
2l es 2s 0,
23 28 27 0,
2% 50 29 0,
26 52 3 0,
28 34 33 9,
jo 35 35 0,
3e 34 3 Q.
37 40 19 0,
38 42 a1 0,
40 44 a3 9,
42 d4s us 0,
44 48 4?7 0,
usb 59 49 0,
a’ Sz Jl ).
49 54 53 0
S1 EL] 35 92,
53 SA S7 0,
SS 80 59 0,
96 e 6l w, 37149
So 54 53 el ,5400
o7 70 59 «5,%429
58 12 71 4,333}
72 a0 79 wh, 4411
64 55 45 o7,2821
as A3 67 «!1,888
LR 74 73 13,987
7 78 17 15,199
70 Th 15 15,829
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SHE AR SHLAR
{ X
*41111En02 = 31096E~0])

W41111E=02 A 1795E-04
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344
9.82
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«9,00
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- W CRO3IS SECTIONS yr BASE PLATEas
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.
151E~08
on,

Ve O

-:o
*81s,
~449,
=124,
9

65,7500

WOMENT apour ¢

o'

«7,04
3,7
190,
éas,
2R3,
170,
83,7

.7,04
v

ANSYS Tw) DpeeNSIUNAL PLOTS

END PLOTS senee

BENDING STRESS

0.

2240 =09
29,3

87 .7
%1% %
-129,
554
*13,.4

0

BENDING 3TRESS

LR R B

v,
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the following defines the input instructions for the base

plate analy<is program.

CARD

A

COLUMN

1-76

21-30
31-40
41-50
51-60
61-70
71-80

1-10
11-20
21-30
31-40
41-350
51-60

DESCRIPTION
Title
Problem Title

Model Key and Loading

0-ANSYS output
1-suppress ANSYS output

Model type

box column, half model

box column, full model

wide flange column, half model
wide flange column, full model
channel column, half niodel
channel column, full model
angle column, full model

SEN WD S LIRS -

Plat flag

O-no plot, run
1-plot, run
f-ﬁ:Ot. Stup

Golt property flag

O-linear tension-no compression
1-bilinear tension-no compression

FX load
FY load
FZ load
MX load
MY load
M/ load

Anchor 301t and Concrete Parameters

anchor bolt axial stiffness K]

anchor bolt axial stiffness K2

anchor bolt elastic displacement A,
gt EL

ancnor bolt shear s:iffness

anchor bolt rotation stiffness

corcrete strength (f'c)
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(ARD

1

€2,C3,C4

01

COLUMN

1-10
11-20
21-30
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DESCRIPTICN

bolt locations
(specify plate node numbers in
sequence, smallest to largest)

concrete springs to be eliminated
(blank cards if springs are not
eliminated)

Dimensicns

TMO O 2

-

Thickness

T1, plate thickness
T2, column thickness, web
T3, column thickness, flinge
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5.5 [Dase Plate Verification Test

5.8.1  Introduction

As a part of the verification of the analytical
techniques used in the Generic computer program, a test was performed on
an actual base plate and the results compared with the analytical
solutior. This experimental-analytical comparison was not done to
provide Desiqr Verification in a Quality Assurance sense but rather to
demonstrate the ability of the program to conservatively approximate
actual results (Design Verification was performed under TES (A requirements
and is on file in our Document Control center).

5.5.2 Scope

The following procedure defines the methods and
materials used in the testing to .erify the accuracy of the base plate
computer solutions.

%.8.3 Test Specimen

A four-bolt base plate with a rectangular attachment
was utilized to verify the accuracy of the computer base plate soluticn.
The four bolt specimen is shown on Teledyne Engineering Services (TES)
Drawing Number C-4951 (Figure 5.16). Four Ph*1lips Red Head snap-off
anchor bolts 1/2 inch in diameter were used to anchor the piate to the

concrele,
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".5.4 Test Fixturing

The test frame shown in TES Drawing Number D-4953
(Figure 5.17) was anchored to the concrete test slab to provide support
for the hydrauiic loading jack. The hydraulic loading jack, with a
capacily of 10 tons, was used to apply a vertical axial load on the
specimen and 4 horizontal shear moment load on the spec imen,

Stands assembled from 1/2 inch stee] tubing were
used to support dial gages at selected locations on the test piece.

Dial gages were mounted at selected locations on
the plate of each test specimen and on each anchor bolt. The dial gages
measure vertically up from the surface of the ¢ ncrete. The dial gages
were resting on the surface of the concrete as a reference surface
(see Fiqure '.. 4).

“.5.5 Test Instrumentation e

The test specimen was instrumented with strain gage
rosettes to meacure plate stresses. [ive rosettes were applied to the
base ;late a5 shuwn in Figure 5.19.

The strain gages applied to the test base plate were
weldable type <train gages with a one inch gage iength.

Each anchor bolt was instrumented with four strain
ga jes.

Strain gages applied to the bolts were epoxy backed
with a 1/8 inch gage length. The gages were donded to the bolts with
Eastman 310 cement.
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Figure 5.17
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A three wire iystem was used for all “train gages
to improve thermal stability.

A Strainsert tension link was used to measure the
force applied to the test pieces.

All of the strain gages and the tension link were
read with a “trainsert portable indicator. Calibration ot the portable
indicators were checked just prior to testing.

All instrument calibrations were traceable to
National Burcau of Standards.

.7.6 Base Plate Loading

Loadings applied tn the four bolt base plate
included axial pullout, uniaxial moment and biaxial moment.

The loading table for the test plate is as follows:

Applied Load

Shear Monent Shear Moment

Axial 0" 45°
(1bs) (in-1b) {in-1b)

800 7,200 7,200
2,400 14,400 14,400
4,000 20,000 20,000
5,600 21,600 - 21,600
6,800

Readings from all strain gages and dial gages were
taken .t zern load befor: loading at cach load step and at zero load

after loadinqg.
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9.6 lomparison of Analytical and Experimental Results

An analytical solution was performed for the four bolt plate
described in Section 5.5.3. The generic program was used and bolt load
and plate stresses are compared.

‘olt loads from the experimental data were calculateg using
the following cquation.

€; Y8, ¥ ¢, * g,
¢ =AE(2)<-J 2" % 4)
BOLT GF .
Where: A = Bolt Area = (.11 inz (at machined location)
E = Young's Modulus = 27.9 x 106
CF = Gage Factor = 2.0%5

Measured Strain

o™
"

Plate Stress were calculaled from the experimental data using
TES Ro.ette program, where:
£

7 (5 + veg)
v

"3

0-; = _"_3 (‘3 + ‘JC])

| B

L ey vy ‘Mé] . 3~)Z+ [(a] - 3,) tan @
i Al i s - I e

tan" (__f

T
"

Where:

F, v, yage factor, and starting and end ¢ values are input
parameters and the program sets EprEan €3 equal to their respective
2 <

Ae GLF .
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».6.1 Bolt Load Comparison

Bae Plate Loading Bolt Load (1bs)
fondition Bolt Number  Analytical t xperimental
] 2350 1621
AXL]‘ ~ e ]
L e 2 2350 1881
(P = 600 1b) 3 2350 1962
4 2350 2087
1 2316 1658
45” Shear/ 2 1024 *
Moment
(M = 15000 in-1b) > ¢ "
4 978 491
| 1942 1142
0" Shear/ 2 19a? 1219
Moment,
(M = 15000 in-1b) 3 a =19
4 0 -24

- — - — -— C—— e c———

* Strain Gage Malfunction

The above results indicate that the generic program
conservatively predicts expansion anchor bolt loads. A review of the
experimental results indicates that non-uniform loading of the bolts is
occurring but in all cases, the maximum load is well below that predicted
ana',tically. The non-uniformity of bolt loads is due to the rough
surface of the slab on which the plate was tested. The plate was placed
directly on the slab without grouting or surface preparation and a number
of voids existed between the plate and the concrete slab.

TES performed two other analytical solutions to
demonstrate the effect of voids. The first was to remove all concrete
springs around the edge of the plate and the second was to remove the
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concrete springs at the two corners adjacent to bolts one and three.
These result, are shown below.

Base Plate Loading Bolt Load (1bs)
Analytical Experimental
Edge Springs  Corner Springs
Condition Bolt Number Removed Removed
1 1700 1528 1627
: 2 1700 2568 188!
et 3 1700 1528 1962
(P=6300 1b) 4 1700 2577 2087
1 1918 1658
45" Shear/ 2 566 Not *
Moment 3 g Analyzed 14
(M=15000 in-1h) a %) 40
] 1469 1142
® Shear/ 2 1469 Not 1218
Moment 3 0 Analyzed .19
(M=15000 in-1b) ; o

* Strain Gaqge Malfunction

/
/

5.6.2 Plate Stress Comparison

The comments in Section 5.6.1 are applicable here.
Rosset’e R4 wa not located at the centroid of an element in the analytical
solution and the analytical results are the average of two elements.
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Case Plate Loading Plate Stress (ksi)
Analytical Experimental
c°"d“‘?? fosette _:{g_ 9, g, o
R1 18.8 8.7 15.4 8.6
R2 2.6 17.9 1.2 15.8
Axial R3 14.8 8.7 16. ! 8.2
(P=6800 1h) R4 .6 2.2 7.9 2.0
RS 2.6 17.9 2 20.7
R1 9.4 14.3 5.1 9.0
R2 11.5 3.0 7.4 0.6
457 Shear/
i R3 - 3.1 - 2.7 -6.1 -5.1
(M=l5000 |n—lb> R4 - 0-2 b 3.3 '7 “ -208
RS - 1.6 0.6 -2.4 0.3
R1 11.4 19.4 ) 12.5
R2 - 1,0 1.0 -5.0 - 1.3
0" Shear/ .
iy R3 - 3.5 - 2.1 -3 - 5.5
(M-15000 in-1b) R4 - 1.3 - 0.3 -3 0.6
RS 7.7 0.8 8.1 1.6

The above results indicate that the generic program
predicts Lhe iress pattern in the plate reasonably well und, with cne
exception (K axial loading, Jx), conservatively predicts the maximum
stresc. In cvaluating the adequacy of a plate, the bending stress across
the width anid/or length of the plate (1x and cz) would be averaged to compare
with an ailowable value and for all cases, the analytical results would
predict a higher average stress.

The results for the two other analytical solutions

are as shown bolow.
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Ba.e Plate Loading Plate Stress (ksi)
Edge Spring Corner Spring
Removed Removed

Condit ion Rosctte “, oy o, i .__:bi.

13 24.9 13.3 21.6 10.8

k2 4.3 25.1 3.1 20.4

Axial R3 24.9 13.3 21.6 10.8

R4 14.1 9.0 12.9 8.2

RS 4.3 25.1 3.1 20.4

The above results indicate what one would expect,
that removing concrete-piate interface at the plate edge reduces the
prying effect (which reduces bolt load, see Sectiaon 5.6.1) which
incres.es plate bending.

7t we Solution to Bolt Load

J1ny the generic program, TES developed a number of curves
which can be used to solve for expansion anchor bolt loade (see Figures
5.20 through 5.46). The curves represent plate sizes which were common
to a number of utilities in the generic program. For a fixed plate length
and wiith and cxpansion anchor type and size, loads are given as a function
of plate thi kness and applied load. [t can be seen that the curves are
1inear with rospect to applied load so that as the applied load varies,
an analyst < .n linearly interpolate and/or extrapolate to develop a new
curve. Alsa, ot i< important to nole that holt force is -ensitive to
in-place anchor stiffness which is lower than «tiffne<s of bnlt alone.

6.0 AMMARY AN CONCLUSIONS

Pased on Lhe findings of the gencric program as detailed in this
report, the fnllowing summary comments ar2 provided. [t is impertant
to recngnize that these comments relate only to the work performed under
this program hy TES and are applicable only to the bolts tested.
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6.1 “hear-Tension Interaction

Ihe results of this program indicate the following:

D The use of linear .hear-tension interaction is
conscr vat iy

The effect of shesr load generally tends i increase the
ultimate fu:iure load particularly in smaller bolt sizes. I is felt
that this occurs due to increasing lhe wedge force between the anchor and
the concreti. Sufficient pure tension data was not cbtained by TES on all
bolt “necim % to more precisely quantify this conclusion. This effect
i1s nu’ gener ally present in the Stur <lug-in type anchor hecause of the
rigidity of ihe anchor itself. That is, the anchor is relatively so
massive tha! the shear effect does not appreciably increa<c the wedge
effect.

. Tne data obtained by TES for Wej-It anchor bolts differs
dramatically from the manufacturers published data. We feel this results
from the fac! that hole diameter is extremely critical in developing the
full potential of this anchor; this has been verified in discussions
with the manufacturer. Further, TES tests were performed to simulate
field conditions in the utility memburs plants. At the time of plant
construction, the Wej-It installation procedures did not indicate the
criticality of hole diameter. The manufacturer's data appropriate to
the vintage of the member utilities (pre 1976) indicates lower ultimate
capacities than are presently advertised.

1. Al failures that were bolt failure (i.e., not concrete)
were examined and determined to be shear type failures.

It is felt that sufficient data exist to use the shear-
tension intcraction curves presented in this report as a design tool.

| 2o
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6.7 Cyclic_Capacity

The results of this program indicate the following:

l. (yclic loading of anchor bolts doecs not decay t'e ultimate
capacity of the anchor,

2. Constant shear loading during cycling does not decav the
ultimate capacity of the anchor.

3. No justification was founé in these tests to apply different
criteria to expansion anchorec based on type. That is, shell, wedge and
sleeve a1l exhibited full capacity after cycling.

4, No cyclic failure occurred for any bolts tested.
5. MAny slip reported occurrrd during the initial loading

6. I'relnad as high as design load is not requircd to develop i
cyclic capacity. I 2 &/

h.' Base Plate - Anchor Bolt Generic Computer Program

The resylls of this program indicate the followino:

1. Base plate flexibility should be considered in determining
bolt load.

2. The relative stiffness of bolt-concrete assembly and base
plate it a more definitive criteria than just plate flexibility for determining
the arolicability of rigid plate analysis criteria. Variations of distance
from attachment face to plate edge from 3t to 10t where t is plate thickness
were found to he limits for flexibility effects depending on the plate
size, loading and type of bolt. Bolt hending moment, which is rotation
limited, is nol an important factor affocting bolt performance.

3. The assumption of full f.ce contact between nlate and concrete
prior t: loading re<ults conservative estimate of bolt loads.
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1. The generic computer program conservatively estimates
the 1oad in cxpansion type concrete anchor bolts in a base plate assembly
that i representative of field censtruction.
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