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EXECUTIVE SUMMARY

This report presents information eelection and design of anchor bolt installationgaoncrete
foundations for reciprocating compressors. The repeesfinite elementanalysis of a preloaded
anchor bolt andmmediatelysurrounding concrete.The model includes theompressorbase,

chock, soleplate, epoxy grout laydmwlt termination, and nearbgebar. Itinvestigates both
termination geometry, bolt length, the use of rebar, and the difference between linear and nonlinear
treatment of the concrete. It shows the benefits of a termination with axial extent of at least 1.5 bolt
diameters, andiameter equal to 3 or 4 bafiameters. It makeslear the desirability ofong

anchor bolts, and quantifies the compressiotihefstackbase, chock, soleplate, groagncrete)

which accompanies boftitretch. It shows thatyhile rebarstopscracksgrowing, it does not

inhibit cracks startinguinder highlocal tensilestress. Lengthening the anchor bathoves the

region of high tensilestressand potentialocal crackingdown into the block, and away from
dynamically varyingstress,away fromoil sources,and forbolt termination in themat, out of

sight!

The report analyses the effects of grout layer compression. The report shows that epoxy chocks of
the three materials tested and documented in an@MRC report (TR 97-5will not creep
sufficiently for concern;however, it shows aapoxy groutlayer can creep more than apoxy
chock,andhow layer thickness and anchor bolt length combine to influémeassociated creep

loss of bolt tension. It furtheshows how arncrease in epoxy grolsyer temperature after bolt
tightening can reduce bolt tension as a result of redunatkrial compression modulus;
retightening anchor bolts at operating temperature can reduce the influence of this problem.
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1. INTRODUCTION

A number of industriesnake essential ocritical use ofreciprocatingcompressors for services
which include natural gas, hydrogen, carbon dioxide, and ethylBme.reciprocatingistons and
rotating crankshaft produce significant gas and inertia forces. While the compressor frame partially
supports these forcethe foundatioraddsneeded structuralgidity, and a significanfraction of

the individual cylinderforces must béransmitted horizontallyhrough the compressor mounting
system to the foundation.

This requirement demands significant attention to the moustiatem. Fothe mountingsystem

to achieve high rigidity and long term integrity, the anchor bolt must impose suffioemwards

force at the mounting interface to resist (through Coulomb friction) the highest expected horizontal
loads. Previou&SMRC research hawmade clear thamounting systems must sustdiorizontal

forces based olocal forces forindividual cylinders(as opposed to forces inferred fragtobal
shaking forces and moments). In general, this demands Highetensionsthan typicalpast
practice.

The anchor bolt compresses a “stack” consisting of:

» Athick flange at the base of the compressor frame.

* A mounting chock of steel, epoxy, or composite material.
» A steel soleplate.

» A layer of foundation grout.

* Several feet of concrete.

This “stack” under goes stresses and deformations as a result of the anchor bolt tension.

Past GMRC research has addressed various aspedtsmdfgeneration, loadransmission,
mounting system characteristics and foundation integrity, inclutim@nchoibolts. The studies
have included finiteelementanalysis of arentire concretéoundation,including anchor bolts and
their interaction withthe concrete. These past investigations heagle clear the potential for
tensile stressesand cracking at the anchor bolt terminatipaint, the presence of significant
compressive stresses in the concrete around the doalhoand a number of positive reasons for
moving the anchor bolt termination fdown inthe concrete block (to reduce sensitivitycteep,



and to separate it from areas of high dynastiessand oilleakage). Past investigatiomslicate
that, for these foundations, while rebar resists propagation of cracks tliheugincrete, it does
not significantly control the initial formation of these cracks.

Because previous research considered the compressor and foundation as a structurallagktem, a
of fine detall in the model inhibitefibcused analysis of mounting systemtegrity and structural
responsenear the anchobolt. The present investigatioseeks to address thignitation by
modeling a single tie-down (which incorporathe “stack” listedabove), tohelp investigate how

the following influence relevant stresses and deflections:

* Preload (bolt tension)

* Bolt Termination Details
* Mounting System Details
» Concrete Characteristics
* Rebar

» Bolt Length

* Chock/Grout Moduli

The majority of studies reported here havesed the ANSYS Finite Element program, and
incorporate the above featur@gth enough surroundingoncrete to eliminatesensitivity to
boundary conditions, and witkufficient detail to allow meaningful investigation of the above
parameters. The report presents modeling details, typical overall graphic distributions of stress and
deflectedshape,together with graphicallisplays showing hoveritical stressesand deflections

vary with influential loading, geometry, and material properties.



2.

SUMMARY

In summary, this report shows the following:

High tensile stress tends to induce cracking in the concrete around the bolt termination point.

These tensilstresses ithe concrete near the bolt termination attenuate rapidly distance
above the termination.

They also attenuate rapidly with horizontal distance from the termination.

A termination 1.5 bolt diameters thick beneficially reduces tessisses ithe concretdor a
relatively small termination diameter.

A termination plate diameter of 3 or 4 bolt diameterduceslocal tensilestresses in the
concrete.

At the sametime, increasingermination plate diametgrushesthe location ofhigh tensile
stresses further frorthe bolt centerline -- potentially joiningiith other sources oftensile
stress, and moving them closer to the outer surfatieeofoncrete blockience thereexists a
tradeoff on termination plate diameter.

Rebar densitydoes notsignificantly influence the tendencipr cracks tooccur at the
termination point.

Lengthening the anchor bolt does not significantly affect the magnitulbeadftensilestresses
in the concrete at the end of the anchor bolt, but moves them further from other sources of high
stress, and from sources of oil.

Lengthening anchor bolts also beneficially reduces the ratio of chock and grout compression to
anchor bolt extension for a given preload. Reducing this ratio reduces sensitivity to creep.

Decreasing Young's Modulus of tle@oxy material(corresponding to increasirpmpliance)
or thickening the foundation grout layer increases the ratio of chocgrantlcompression to
anchor bolt extension, and thereby increases the desirability of a long anchor bolt.

For the threeepoxy chock materials tested (in a separatedy), loaded tol,000 psi orless,
creep deflection in a year should be less than 2.5 mils for the chocks alone.

Anchor bolts at least 48 inches long coupled witgraut layer 4.5 inches thick orless are
needed to keep creep loss in bolt tension below 5 percent in a year; even longer anchor bolts are
desirable to minimize grout creep effects.



The combination of bolt geometry, grout and chock parameiesinad, gas loads amagertia

loads make for a complex system; an independent analysisthsimgethods described in this
report should be considered for any reciprocating compressor installation which will use epoxy
chocks or an epoxy grout layer.

Heating the epoxy by running the engine after bolt tightening under cold conditionsduce
an immediate increase in compression of the epoxy, and a loss in anchor bolt tension.

Operator's should retighten the anchor bolts at operimgerature to correébr this loss in
tension due to heating.

Foundation grout layersan contribute more to creépss ofanchor bolt tension than epoxy
chocks.



3. FINITE ELEMENT MODELING APPROACH

ANSYS 5.3 was used to construcparametric finite element model of @empressor foundation
in the vicinity of the anchor bolvith a terminatiorplate embedded in theoncrete. Figure 3-1
shows aschematic of the configuration modelathich includesbolt, compressor base, chock,
soleplate, grout, concrete, and bolt termination. The model utilizes ANSYS Link8 3D spar element
for the anchorbolt, which hasthe capabilityfor bolt preload, expressed asitial bolt strain
(change in length divided by the zero strgingth). The Link8 spar (whichsimulated a 2 inch
diameter bolt in this model) is connected at the bottom to al@DentSolid45 terminationplate,
and at the top to a Solid45 nut (Figld€). The anchor bolt nubears on dhick section of foot
pad representing the compressor base. Included madelbelow the nut argortions of epoxy
chock,rail or soleplate, epoxy grougnd concrete foundatioffFigure 3-3isometricview, and
Figure 3-4 cross-sectionaglew). The concrete foundationas modeledusing Solid45elements
for the linearmodel, and Solid6®lementsfor the nonlineamodel. In bothcases,rebar was
modeled, as shown in Figure 3-5, uslngk8 spars (representingumber 7 rebar) interlaced in
the mesh (instead of the “smeared” rebar technique previously usedSolit&5 elements). The
boundary conditionsclude displacement constraintsath directions at thebase ofthe concrete
block, and displacement constraints aldhg axis ofthe foot pad andail to simulate continuity
beyond the domain of the model.

As mentioned, initial strain was input into the Link8 anchor blgimentcausing a tensile preload
that pulls up on the termination plate embedded in the concretgoand onthe nut, compressing
the elements ithetween. The terminatiorplate, as modeled, has nonnectivity to theconcrete,
except on its topurface,and is unbonded tthe concrete on itsides and undesurface. The
resultsclearly show deformation of the terminatioplate, stronglyindicating thatthis lack of
bonding occurs; ithe sides andunderneath surface dhe platewere initially bonded to the
concrete, loading would immediately distort and deform the plate and break these bonds.

Several model variationsererun. Linearanalysis (Solid4%element)showsthe effect of local

tensile stresses which would be present arotimel terminationplate, but does noallow for
sequential cracking of concrete. Nonlinear analyses (Solid65 element) shows the “after” effects on
those stresses, where cracking of the concrete is predicted in the area by the analyses. The benefits
of linear analyses include speed of execution and indication of severity in terms of predicted tensile
stress level. The nonlinearunsindicateseverity by the extent afracking, which is lesprecise

and takes longer to execute, but provides a confirmation of observations friimeaheuns. The



modelwas run both withand withoutrebar. The analyses includedhitial bolt strains of500,

1000, and 1500 micro-inches per inch of length. In the solution, the anchor bolt strain fell to about
78 percent of its initial value due to deformation of the stacked layer of mixed components. For the
initial preload strain of 1500 microstrain, the final strain in the Wwak around 1200 microstrain,
indicating a bolt preload of about 36,000 psi, a typical védudiigh strength bolts in compressor
installations. In addition to anchor bolt preload, the analyses also included a 100 psi pyadsure

on thechock, toapproximate the percentage afmpressor weight othe portion of block being
modeled.

Parametestudies included variations initial anchor boltstrain,anchor boltlength, termination
platethickness and diameter, epoxy chagke, and Young's Modulus of theepoxy chock, as
listed in Table3-1. Table 3-2 listsall of the casestudies. Cases 1 throughirésolved linear
analyses with no rebar and with 1% reli## of the volume ofconcrete). Cases 7 and 8 are
nonlinear analyses comparing no rebar and 1% rebae.casedabeled“Chock 1” to “Chock 7”
involved variation in chock size amdodulus of elasticity. The caseslabeled “Chock 8A” to
“Chock 8D” involved variation ofmodulus ofelasticity of a 12 inctsquare chock block with a
1000 psi surface load.



Table 3-1. Finite Element Model Parametric Variables

Anchor Bolt Initial Strain

Anchor Bolt Diameter, Length

Termination Plate Thickness, Diameter

Chock, Rail, and Block Dimensions

Chock Young's Modulus

Rebar Presence and Density

Concrete Tensile Strength and Cracking Stress

No gk~ wbdRE




Table 3-2. List of Case Studies

(1500 microstrain)

ITEM | CASE DESCRIPTION
NO.

1 1A Linear(no rebar),Plate Thicknesg1.5), Diameter(6.0), Initial Strain
(500 microstrain)

2 1B Linear(no rebar),Plate Thicknesg1.5), Diameter(6.0), Initial Strain
(2000 microstrain)

3 1C Linear(no rebar),Plate Thicknesg1.5), Diameter(6.0), Initial Strain
(1500 microstrain)

4 1D Linear(no rebar),Plate Thicknes¢1.5), Diameter(4.5), Initial Strain
(500 microstrain)

5 1E Linear(no rebar),Plate Thicknes$1.5), Diameter(4.5), Initial Strain
(1000 microstrain)

6 1F Linear(no rebar),Plate Thicknes¢1.5), Diameter(4.5), Initial Strain
(1500 microstrain)

7 2A Linear(no rebar),Plate Thicknesg1.5), Diameter(8.0), Initial Strain
(500 microstrain)

8 2B Linear(no rebar),Plate Thicknesg1.5), Diameter(8.0), Initial Strain
(2000 microstrain)

9 2C Linear(no rebar),Plate Thicknesg1.5), Diameter(8.0), Initial Strain
(1500 microstrain)

10 3A Linear(no rebar),Plate Thicknes$1.5), Diameter(10.0), Initial Strain
(500 microstrain)

11 3B Linear(no rebar),Plate Thicknes$1.5), Diameter(10.0), Initial Strain
(1000 microstrain)

12 3C Linear(no rebar),Plate Thicknes$1.5), Diameter(10.0), Initial Strain
(1500 microstrain)

13 4A Linear(no rebar),Plate Thicknes£3.0), Diameter(6.0), Initial Strain
(1500 microstrain)

14 4B Linear(no rebar),Plate Thicknes$3.0), Diameter(8.0), Initial Strain
(1500 microstrain)

15 4C Linear(no rebar),Plate Thicknes$3.0), Diameter(10.0), Initial Strain




Table 3-2. List of Case Studies
(Continued)

ITEM | CASE DESCRIPTION
NO.

16 4D Linear(no rebar),Plate Thicknes$3.0), Diameter(4.5), Initial Strain
(1500 microstrain)

17 5A Linear(1% rebar),Plate Thicknesg1.5), Diameter(4.5), Initial Strain
(1500 microstrain)

18 5B Linear(1% rebar),Plate Thicknes$1.5), Diameter(6.0), Initial Strain
(1500 microstrain)

19 5C Linear(1% rebar),Plate Thicknes$1.5), Diameter(8.0), Initial Strain
(1500 microstrain)

20 5D Linear (1% rebar), Plate Thickng4s5), Diameter(10.0), Initial Strain
(1500 microstrain)

21 6A Linear (1% rebar),Plate Thickness 3.0"), Diameter (6.0"), Initial
Strain (1500 microstrain), Bolt Depth (18")

22 6B Linear (1% rebar), Plate Thickness (3.0"), Diameter (Bftial Strain
(1500 microstrain), Bolt Depth (24")

23 6C Linear (1% rebar), Plate Thickness (3.0"), Diameter (@rtigl Strain
(1500 microstrain), Bolt Depth (30")

24 6D Linear (1% rebar), Plate Thickness (3.0"), Diameter (6itial Strain
(1500 microstrain), Bolt Depth (36")

25 6E Linear (1% rebar), Plate Thickness (3.0"), Diameter (Grtitigl Strain
(1500 microstrain), Bolt Depth (18")

26 7 Nonlinear (1%rebar), Plate Thicknes$3.0"), Diameter(6.0"), Strain
(1500 microstrain), Bolt Depth (30")

27 8 Nonlinear (naebar), Plate Thicknes¢3.0"), Diameter (6.0"), Strain
(1500 microstrain), Bolt Depth (30")

28 Chock 1 | Chock Size (2" x 4"x 4"), E=1E6

29 Chock 2 | Chock Size (2" x 8"x 8"), E=1E6

30 Chock 3 | Chock Size (2" x 12" x 12"), E=1E6




Table 3-2. List of Case Studies
(Continued)

ITEM | CASE DESCRIPTION
NO.
31 Chock 4 | Chock Size (2" x 2"x 2"), E=1E6
32 Chock 5 | Chock Size (2" x 1" x 1"), E=1E6
33 Chock 6 | Chock Size (2" x 0.5" x 0.5"), E=1E6
34 Chock 7 | Chock Size (2" x 24" x 24"), E=1E6
35 Chock 8A | Chock Size (2" x 2" x 2"), E=2E5S
36 Chock 8B | Chock Size (2" x 12" x 12"), E=5E5
37 Chock 8C| Chock Size (2" x 12" x 12"), E=1E6
38 Chock 8D | Chock Size (2"x 12" x 12"), E=5E6
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Figure 3-2. Model - Anchor Bolt, Nut, Termination Plate
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Figure 3-3. Model - Isometric of Block with Rebar
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Figure 3-4. Model - Cross Section of Block
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Figure 3-5. Model - Anchor Bolt, Chock, Rail, Grout, Rebar
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