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Abstract

Numerous calculation techniques are used to evaluate anchor loads and plate stresses
in large flexible base plates. These techniques range in complexity from simple
algebraic expressions, based on plate geometry, to nonlinear finite element analyses.

In order to evaluation the accuracy of various analytical procedures, and to establish
critical parameters affecting ultimate behavior of relatively large flexibly base
plates a test program was undertaken. Results of the experimental program are compar-
ed with analytical results. Both the experimental and analytical results are used to
draw conclusions concerning the effects of plate flexibility, anchor stiffness, and
friction, on the interaction between a steel structure and the concrete to which it is
fastened.

1.0 Introduction

Pipe supports which resist seismic loads generally transmit sheet and/or tension, in
combination with a significant bending moment to base plates which have been anchored
to concrete walls or slabs. It is not unusual for the base plate of a large pipe
support, subjected to significant bending, to required eight or more anchors to fix it
to concrete. In order to limit moment induced tension, anchors are usually placed at
some distance away from the attachment of the pipe support structure to the plate.

The distance between the anchors and attachment is dependent upon the lever arm
required by the anchors to resist bending. As anchor spacing increases so does the
effect of base plate flexibility on their response to load.

Numerous analytical techniques are used to evaluate both loads on the anchors and
stresses in the plate. These technigues range in complexity from simple algebraic
expressions, based on plate geometry to nonlinear finite element analyses. The
ability of a representative sample of various analytical methods to predict base plate
behavior is studied. Predicted plate stresses and anchor loads are compared with
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experimental data. Results of both the experimental and the analytical programs are
used to draw conclusions concerning plate concrete interaction.

2.0 Experimental Work

fest results for flexible base plates subjected to large overturning moments ave not
generally available in published 1iterature. Therefore. an exparimental program wis
undertaken (1). The experimental program was conducted in two phases, First, mechan-
isms by which ldads fmposed on a base plate are transferred to concrete were investi-
gated. This included studying frictional resistance offered by the steel concrete
interface, and the force deflection behavior of individual anchors under pull-out
Toads. The second phase of the experimental progran consisted of efght 305 mm (12 in)
sfuatre plates fastened to a previously hardened concrete sTab with eight expansion
anchors.  The effect of plate thicknesses and anchir stiffness was studied in this
phase of the program,

2.1 Friction Test

In dimensioning anchor fixings, friction between the steel plate and the concrete
surface is normally not considered. It is assumed, that the shear force in the base
plate is transmitted only by lateral load capacity of an anchor, Nevertheless, under
service loading, a steel plate, anchored down to the concrete surface may transmit the
shear loading in many cases mainly by friction to the concrete. The necessary normal
force component to build up friction is generated by the pretensioning force of the
anchors, or in presence of bending moments on the base plate, by the compressive
reaction forces. Because of the usually large bolt position tolerances and bolt hole
clearances, the long life quality of an anchor fixing, subjected to continuous alter-
nating load, may depend essentially on shear transfer by friction. For the detailed
analysis of the eight bolt base plate, the existing friction coefficients had to be
determined by tests with representative surface conditions.

In these tests, a concrete slab with a compressive strength at the time of testing of
f'c = 27.6 N/mm2 (4000 psi) was used. The surface was in a clean, trowel smooth
condition. For each test, a square steel plate was pressed against the concrete
surface by a servohydraulic test cylinder. Both primed and painted plates and un-
painted plates with Tight surface oxide were tested. Results of this series of tests
indicated a minimum coefficient of friction of slightly more than 0.5.

2.2 Anchor Test
The anchors used for the tests were Hilti heavy duty anchors (HSL). Two anchor sizes
HSL 12, (1/2 in. hole dia) and HSL 34 (3/4 in hole dia), were used in the test program

to examine the effect of varying anchor stiffness. The two anchor sizes selected were
tested to determine both anchor stiffness in the elastic range end ultimate Toad
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deflection behavior. Displacement transducers were used to measure bolt head
displacement under pull-out loads. The applied loads were measured by a load cell
built onto the piston rod of the servohydraulic testing cylinder. Additionally,
strain gages where applied to selected anchors in order to correlate anchor head
displacement, anchor preload and internal anchor stress.

2.3 Plate Test

Three variables were examined in the plate test portion of the experimental program.
Specifically loading condition, plate thickness, and bolt tensile stiffness were
varied in eight separate tests. The loadings considered were either a combination of
tension plus bending or shear plus bending, applied as shown in Figure 1. Two differ-
ent plate thicknesses, 16 mm (5/8 in) and 10 mm (3/8 in), and two different anchor
diameters (HSL 12 and HSL 34) were used in the test. Table I lists the various
configurations tested.

Data collected during these tests included vertical anchor head deflection, internal
anchor load, lateral plate movement, plate stresses, and applied load. In all nine-
teen channels of data were monitored on each plate tested. Some of the more important
test results appear in Table I.

3.0 Analytical work

The analytical techniques investigated included both the finite element method and a
less costly approximate method. The ANSYS finite element program was used to predict
both plate stresses and anchor loads. Anchor loads were also determined using methods
based on classical beam theory.

3.1 Finite element analysis

The finite element models used to predict the performance of the plates tested consis-
ted of a mesh of plate elements resting on a bed of compression only springs intended
to model concrete, with tension only springs used to represent the expansion anchors.
The mesh of plate elements was relatively coarse, each element being 25.5 mm (1 inch)
square. A series of constraint equations were generated to provide a rigid region of
plate elements, to simulate the stiffness provided by the attachments to the plates
tested. Spring constants used to define the stiffness of the concrete were determined
from elastic half space theory. As such, these spring rates depended on concrete
material properties and the tributary area of concrete to be modeled. Tensile springs
representing the expansion anchor bolts were based on load/deflection data generated
in the first phase of the tests program.

The plate model as described above, is geometrically nonlinear in that an itterative
solution is required to determine which concrete spring elements are in compression,
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and Tikewise which anchor elements are in tension. The ability of this finite element
idealization to predict inelastic base plate behavior is limited by the ultimate force
deflection behavior of the expansion anchors. Hilti HSL anchors loaded in tension to
failure typically have an initially linear followed by a highly curvalinear force
deflection relationship. It proved to be impractical to define a sufficiently precise
piecewise linear spring constant, acceptable to the available finite element program,
that would be suitable for analytical evaluation of nonlinear anchor behavior.

3.2 Approximate analytical method

The approximate analysis was based on a beam model of the plate subjected to a cen-
tral, concentrated bending moment. Tensile and shear loads on the plate are assumed
equally distributed to all anchors. Support conditions for the beam mode] are idea-
lized as either translational spring or as a hinged support. The translational
springs represent the anchor stiffness while the hinged support is intended to be
located at the centroid of the concrete compression zone.

4.0 Results

Results of this investigation fall into three categories: experimental results,
analytical results, and the results of the comparison of analyses and tests.

4.1 Experimental results

Both ductile and brittle plate failures were observed in the test program. Figure 2
shows a post test photo of a brittle failure produced by test configuration 4. This
type of failure was characterized by lTow stress levels in the plate, with little or no
plastic deformation. Figure 3 shows the post test condition of a ductile failure
which resulted from test configuration 7. Note the extreme plastification of the
plate accompanied by tearing, initiating at the toe of the attachment weld.

Anchor loads measured during the plate tests consistently showed anchor 2 (see Figure
1) to carry loads at least twice that of any other anchor. The next most highly
Toaded anchors were numbers 4 and 5. This distribution of load is not readily anti-
cipated. Perhaps the most interesting observation regarding anchor load is that in
all tests there were no traces of significant shear Toad on the anchors.

4.2 Analytical results

A comparison of finite element results with bolt loads predicted by the approximate
method shows good agreement in qualitative evaluation of anchor load distribution.
That 1is both methods accurately predict which anchors carry the most load, which are
the second most highly loaded etc. Quantitative results however shown a considerable
bit of scatter. This can be attributed to differences in assumption regarding the
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stiffening effect of the attachment and the Tocation and magnitude of the reactive
force provided by the concrete.

4.3 Comparison of test and analyses

Both analytical methods conservatively predict measured anchor loads. The distri-
bution of loads revealed in the tests is accurately predicted by the analytical
methods.

Results of comparing plate stresses depended on the location on the plate examined. A
reasonably good agreement in stresses calculated by the finite element model and those
measured were obtained in that portion nf the plate above the conerete campression
zone, In the portion of the plate that 1ifted off the concrete finfte element results
over predicted measured stresses. One possible explanation for this discrepancy is an
under estimation of concrete stiffness.

5.0 Conclusions

Anchor bolt stiffness was found to be a major parameter effecting base plate perfor-
mance and analysis. When analyzing a base plate, higher assumed anchor stiffness will
be critical for anchor loads while, Tower assumed anchor stiffness will be critical
for plate stresses. Additionally it was shown by test that when a Tow stiffness
anchor is used in a relatively rigid plate a non-ductile failure results, As a
guideline for eliminating these types of failure modes in common pipe support base
plates it is recommended that the anchor diameter should be no less than the thickness
of the plate to be anchored.

For the loading conditions investigated it is practical to totally eliminate shear-
tension interaction in anchor bolts. This requires due consideration for type of
Toad, available frictioned resistance and proper selection of bolt stiffness and base
plate thickness as recommended above. Elimination of shear-tension interation under
appropriate loading conditions presents an attractive potential for more cost effec-
tive anchorage designs.

/1/ Hilti Technical Center, Eight Bolt Base Plate Tests, Report-No. EQL 65/84
E. Schaan, 01.11.1984
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FIGURE 1: LOADING AND PLATE CONFIGURATION

FIGURE 2: TYPICAL BRITTLE FAILURE FIGURE 3: TYPICAL DUCTILE FAILURE
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