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Techniques for Evaluation of Preloaded Bolted Joints in a PWR for Faulted Events

Matthew D. Snyder

Westinghouse Electric Company LLC, Pittsburgh, PA

ABSTRACT

In order to make reliable estimates of bolt stresses and deformations within preloaded joints it is necessary to accurately
account for effects of loss or uncertainty of preload, plastic deformations, sliding, prying action and possible opening of
joints. These phenomena are more important for faulted loads since opening and sliding of the joint as well as plastic
deformation may generally be permitted as long as excessive deformation or collapse is prevented.  Because of the
complexity of accounting for all of these phenomena, analysis methods are typically overly conservative for faulted
conditions and not amenable for evaluation of joint integrity using finite element modeling.

Alternative ways of incorporating joints in finite element models are discussed and a simple finite element
representation of the bolt and joint interface is described. This bolt-joint model is especially applicable to bolts with necked-
down shanks having designs controlled by tension plus bending stresses in the shank.

The requirements for the joint model were that: (1) The joint representation must be simple since it was to be part of a
larger nonlinear dynamic transient analysis model.  (2) The joint representation must have load-deflection characteristics that
match expected joint efficiency factors and test load results. (3) The model should be capable of representing elasto-plastic
deformation of the bolts and (4) Stresses and strains must be easily evaluated in individual bolts and correctly interpreted
with respect to faulted allowable stresses.

The paper includes a discussion about determination of parameters for the model and practical problems of maintaining
numerical stability in the dynamic solution, and evaluation of results.

INTRODUCTION

In Westinghouse pressurized water reactors (PWR's), the coolant flow is confined to the core area by vertical baffle
plated that are mounted inside the lower core barrel. As shown on Figure 1, the baffle plates are supported by horizontal
plates called formers that are attached to the core barrel. The attachments are made by bolts that are screwed into holes
tapped into the edge of the former plates. Bolts are preloaded and typically made of Type 316 or Type 347 stainless steel. In
order to address the possibility of reduced numbers of intact baffle-former bolts, analytical techniques were developed that
included a simple model of the baffle-former joint that is the subject of this paper. Since an overview of the reduced baffle
bolt analysis is contained in Reference [1], the scope of this paper is limited to a discussion of the finite element model used
to represent the baffle former joint. This joint model is an essential subpart of the complete fluid structure interaction model
described in [1].

JOINT LOADING AND MODES OF DEFORMATION

The primary loads on the baffle-former joint consist of a tension and moment due to the LOCA pressure difference
across the baffle plates. Adjacent baffle plates can impose an additional shear load on the joint. The joint model must be
capable of representing each mode of loading and corresponding deformation described below.

Joint Deformation Due to External Tension
When subject to external tension the joint displacement is as shown by the simplified load versus deflection pattern

shown in Figure 2.  The joint stiffness is characterized by ranges shown on Figure 2 that are a function of the bolt preload and
yield strength of the bolt and joined materials.

When the bolt is preloaded, the tension in the bolt is reacted by an equal compression force acting between the plates
being joined. The bearing stress beneath the head of the bolt will create a conically shaped region of compression within the
two parts being joined. When external tension, Fe, is applied to the bolt, part of the external load is resisted by increased
tension in the bolt and part of the external load results in decreased compression in the cone surrounding the bolt. The
percentage of external load, that is carried by the bolt is a function of the relative axial stiffness of the bolt to that of conical
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compression zone. The axial stiffness of the bolt Kb can be simply estimated as:

Kb= AE/Lb                                                                                                         (1)

where A=Area of bolt, E=Young's Modulus and Lb=Length of bolt. For this analysis, the bolt area was taken equal to that of
the shank of the bolt and length was taken from head of the bolt to the middle of threaded length.

Figure 1  - Baffle-Former Joints

Figure 2  Simplified Load Versus Deflection Behavior Pattern
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The stiffness, Kc, of the conical compression region surrounding the bolt may be obtained from experimental data or
empirical formula such as given in References [2] and [3] .

The joint efficiency, Keff, can be defined as

Keff= 1-( Kb / (Kb+Kc) )                                                                                               (2)

The tension carried by the bolt, Fb, is then given by:

Fb= Fe⋅( Kb / (Kb+Kc) )  = Fe⋅( 1-Keff )                                                                                        (3)

Eq. (3) will be valid until the joint compression is reduced to zero and the joint opens. As additional external load is
applied, it will be carried  only by the bolt. At greater load, the bolt stress will reach yield stress and the tangent stiffness will
be reduced again.

Joint Rotation Due to External Moment
Joint rotation due to an external moment will follow a pattern similar to that shown in Figure 2. For small applied

moments, the compression zone on one side of the bolt will be reduced and increased on the opposite side; however the joint
will not open.  The average bolt tension will not change significantly as long as entire joint remains closed. Under increasing
load the joint will separate on one side, resulting in reduced stiffness and increased bolt tension. This increased bolt tension is
known as prying action. The bolt will also have non-uniform tension due to bending stresses from the rotation; however this
is normally smaller than the effects of prying action. Additional moment will cause the joint to approach a condition where
the external moment is resisted by the couple formed by the bolt tension and an equal compressive force acting on one edge
of the former plate. Stiffness will decrease as plastic deformation of the bolt or plates occurs.

Joint rotational stiffness was determined by two types of tests. In the first test the rotational stiffness is determined from
measurements of the deflection of a beam, representing the baffle, bolted on each end to formers. Under load at the center of
the span the deflection is a function of the rotational stiffness at the supports.  This test has the advantage that it most closely
represents geometry and loading of the actual structure. In addition, since rotations are small, it is has the advantage that
rotational stiffness is obtained indirectly based on the more easily measured mid-span deflection.

In the second type of test, a short vertical section of the baffle plate was bolted to a short cantilever representing the
former plate The top and bottom of the baffle plate was held fixed while a vertical load was applied at the end of the
cantilever. This test can be represented by a finite element model as shown in Figure 3.  In the finite element model, surface-
to-surface contact elements are used to model the interface between the two plates. Evaluation of the rotational stiffness was
based on both the test data and parametric studies performed using the finite element model.

Baffle Plate

Former Plate

Load

Figure 3 Finite Element Model of Load-Deflection Test

Bolt Stresses Due to Shear Loads
Adjacent baffle plates can impose a load on the edge of each other which creates a horizontal shear load on the baffle

former joint. As long as the joint remains closed, the shear load is carried predominantly by friction at the interface of the two
connected plates. Once the joint opens, or shear load exceeds that required to slip, the bolt develops an additional shear. The
shear load acting on the bolt creates bending stress in the shank. The baffle-former bolts have shank lengths that are long
enough that the primary concern is with bending stress created by this mode. The most important parameter needed to
evaluate this mode of loading is the coefficient of friction at the joint interface. Values for this coefficient were based on
experimental data.
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FINITE ELEMENT MODEL OF JOINT

In developing a finite element model of the baffle former region several alternatives ways of representing the joint were
explored including:

• Model the joints as if the baffles and formers are one integral part. The baffles and formers would be connected
directly with no representation of the bolt in the model. The loads on the joint could be extracted and used to
evaluate bolt stresses. This alternative was eliminated since, under faulted conditions, joints are likely to open
partially for reduced baffle bolt patterns. Moreover fluid structure interaction in the model is sensitive to baffle
displacement and therefore expected to be sensitive to the joint rotation that is not represented by this mode.

• Consider models in which the bolt is represented as beam elements connecting the former and baffle plates. No
representation of the joint interface is in this model and all of the joint load is carried by the bolt. The bolt stresses
can be adjusted to account for the load carried at the plate interface, but the way to do this is not obvious.  Also the
model underestimates joint rotational stiffness.

• Model the bolts as beam elements and place rotational springs in parallel to the bolts. While this improves the
representation of the joint it cannot easily account for transitions in stiffness that occur as the joint opens, nor is
prying action and horizontal shear due to slip accounted for.

• Use substructures with detailed finite element models of the joint. Due to nonlinear behavior  and due to the
coupling created by the fluid portion of the model this alternative was unpractical.

The final model used was a simple arrangement of springs, rigid links, and sliding gap elements shown in Figure 4. In
this model the baffles and formers are connected by the bolt element but a small number of additional elements are added to
represent the interface between the two plates. At each bolt location, the interface between the two plates is represented by
two gap elements. Each gap element represents two surfaces that may maintain contact and may slide relative to each other or
the gap may break contact completely. One gap element is offset above the bolt to represent the contact region in the top half
and one gap element is offset below to represent the bottom. Each gap element is connected by rigid links to the baffle plate
on one side and to the former on the other side.

Preload is introduced into the model by applying an initial strain to the bolt. The initial strain was introduced by
applying a temperature drop that was held constant throughout the transient analysis.

Figure 4 Finite Element Model of Joint

For each gap element, the normal stiffness, Kn, is taken to be one-half of the axial joint stiffness, Kc, discussed
previously. The two spring elements are offset at a distance from the bolt such that the rotational stiffness of the joint is
matched. Some baffle-former joints have bolts offset from the middle plane of the former. For these cases the off set is
different for each element in order to match rotational stiffness that depends on the direction of loading.

The sliding stiffness, Ks, is chosen to be much greater than the lateral stiffness of the bolt. In this way, prior to sliding,
the shear load acting on the joint is carried primarily by the gap elements. Numerical convergence of the transient dynamic
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analysis was particularly affected by choice of a value for this stiffness that was not too high. For this reason in general,
numerical convergence was more difficult with shorter bolts that had a larger ratio of shear to bending stiffness.

For most analyses, the beam element that represents the bolt was assumed to be elastic. This represents a conservative
approach since, for faulted conditions, the bolt may be allowed to deform plastically as long as strains remain acceptable and
deformations are within limits that are determined by impact forces that will be developed as baffle plates displace against the
fuel assembly grids. Several approaches were used to model cases with plastic bolts. Firstly, some analyses were performed
using the elastic bolt model but with reduced values of the elastic bolt modulus. The reduced value should represent the
secant modulus at the strain level seen in each bolt. This method is limited since the strain level in each bolt is unknown in
advance and dependent on bolt location in each bolt pattern. A second approach used plastic beam elements. This required
additional elements to represent each bolt. Since the plastic beam element was under development, results of this approach
were not completed. The final approach used an initial elastic analysis of the complete baffle-former region followed by a
detailed elasto-plastic model of individual bolts.

Typical Analysis Results Using the Simple Joint Model
Analyses were performed considering estimated preload at installation and various reduced preloads that are possible

after installation. Figure 5 shows a sample of maximum bolt stress results obtained with varying preload. The figure shows
three curves of stress versus preload: (1) the assumed preload stress, (2) the maximum additional stress due to the LOCA and
(3) the sum of preload and additional LOCA stress. Under low preloads, the LOCA stress increases as a result of the lower
force required to open the joint. On the other hand, it was observed that lower preload creates additional fluid structure
interaction due to the greater joint displacement. This effect partially conteracts the effect of the stress increase associated
with lower preload. The trends shown in Figure 5 are not obtained for all analyses. For some bolt patterns the effects of fluid
structure interaction were substantially less resulting in a steeper reduction of LOCA stress with increasing preload and the
total stress curve decreases with increasing preload. These kind of  results emphasize the importance of a realistic joint model
in conjunction with the fluid-structure interaction model.
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Figure 5 Sample Variation of Bolt Stress Versus Preload

JOINT DESIGN CRITERIA

For normal conditions,  allowable stresses limits are given in Section NG-3232.1 of Section III of the ASME Boiler and
Vessel Code [4]. For faulted conditions, allowable stress limits are given in Sections F-1331, F-1335 and F-1440 of
Appendix F. The rules of section F1335 apply specifically to requirements for bolted joints designed as bearing or friction
type connections. Sections F-1331 and F-1335 apply to components in general. Since bolt stresses were calculated using the
finite element model, the rules for allowable stresses from F-1331 and F-1335 are applicable.

CONCLUSIONS

The simple model described in this paper permitted the direct evaluation of baffle-former bolt stresses while still representing
the fundamental mechanical behavior of the joint. The model represents joint behavior under tension, rotational, and shear
loadings including effects of loss of preload and prying forces. When incorporated into the complete baffle-former region
model, the model size and runtime requirements pushed the envelope of available resources. Thus a more detailed model of
the joints was not needed or desirable.
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