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1 Introduction

In conventional dynamic structural analyses for determining dynamic system re-
sponse for various locations at which components are installed inside the struc-
tures it is common practise (in order to simplify analytical effort) to assume
that the anchorage (anchor plate, anchor bolts or throughbolts, concrete and
reinforcement in the area of bound) has rigid body characteristics and that

the building structure itself does not display any local response of its own.
The influence of the stiffness of the anchor plate as well anchor bolts and its
stress level on the dynamic response is also neglected. For a large number of
anchoring systems, especially for all those components and systems having only
a small mass, this assumption is certainly appropriate. At some locations, par-
ticularly at points where heavy components are anchored or when loading input
has been increased, this can lead to local loading of the anchor system as well
as of the building structure well into the nonlinear range. Often, verification
of capability to accommodate these loads is not possible without changing the
wall thicknesses or increasing the percentage of reinforcement. Since the pre-
sence of linear or nonlinear effects can be expected to result in energy dissi-
pation (increase in damping capacity and also a change in the stiffness of the
coupled system) it must be assumed that the dynamic- response between the "theo-
retical coupling point" A and the real connection point B of the component on
the anchor plate (Fig. 1) can be considerably altered. Some changes of the
dynamic response in the connection point B have to be expected generally even
in cases of linear-elastic loading of the anchorage. Using typical anchoring
systems as an example, the influence of consideration of nonlinear effects in
the anchorage area of a typical anchor plate on the dynamic response as well

as the conservatism of conventional analytical approaches (in which these ef-
fects are neglected) were investigated and quantified.

2 Anchorage and Input Parameters

The analyses were based on an anchor plate with two 20-mm-diameter anchor bolts
(Fig. 2). The design loads specified for this anchor plate were about 15 kN
(tensile) 20 kN (shear) and 2.0 kNm (moment). The load functions assumed for
this component took the form of real acceleration time histories (Fig. 3) ex-
pected for a typical area of a reactor building of standard design when sub-
jected to earthquake loading. The peak accelerations of these time histories
were about 0.7 g in the horizontal direction (direction of shear in the anchor
plate) and 0.9 g in the vertical direction (direction of tension in the anchor
plate). The characteristics of the component were chosen such that nonlinear
behavior on the part of the anchor plate described above could be obtained with
the selected excitation input. The mass of this "hypothetical"™ component was
therefore increased to about 160 kN.

563



On the basis of this mass the stiffness of the component also had to be adapted
so that representative eigenvalues for the first horizontal natural frequency
as well as the first vertical natural frequency (approximately 5 Hz and 15 Hz,
respectively) could be obtained.

3 METHOD OF ANALYSIS

Due to the complexity of the behavior of the coupled system of the component
and the anchorage the investigations were carried out in two stages. In step 1
a detailed nonlinear analysis was performed using a structural model of the an-
chor plate with anchor bolts and the (reinforced) concrete floor. The plate was
represented by means of three-dimensional elements. The nonlinear behavior of
the steel components (anchor plate and bolts) was described by an isotropic
plastic material model incorporating strain hardening. An anisotropic material
model was used for the concrete. The loads, comprising horizontal and vertical
forces as well as moments, were applied at the center of the plate (Fig. 1).
The results obtained from this analysis took the form of stiffness matrices and
characteristics (nonlinear force-displacement diagrams) for the various direc-
tions of the anchoring system. In a second, separate step a detailed mathemat-
ical model was used to perform a nonlinear dynamic analysis of the global system
(component and anchoring elements plus local building structure). The charac-
teristics of the anchor system were represented in this analysis by the nonli-
near equivalent anchor stiffnesses derived in step 1.

The time-dependent dynamic response of the coupled system (realistic accelera-
tion time histories and the corresponding acceleration response spectra of the
building structure) at the location at which the component was installed (loca-
tion of anchorage) were represented in graphical form and compared with the re-
sults of an analysis in which nonlinear effects had been neglected.

4 NONLINEAR ANALYSES OF ANCHORING SYSTEM

The mathematical model used in the investigations of step 1 is shown in Figures
4 and 5. On account of the existing symmetry, only half of the anchor plate and
the concrete floor was represented in the model. The dimensions of the local
structural model of the 50-cm-thick concrete floor were 1.50 m x 0.30 m. The
bending reinforcement (minimum reinforcement = 7.5 cm®/m) was distributed over
the upper and the lower layer of elements. The shear reinforcement was distribu-
ted over appropriate vertical rows of elements. The dimensions of the 20-mm-
thick anchor plate were 600 x 12.5 mm (half of the width). The cylindrical, 180-
cm-long threaded anchor bolts were modeled using square equivalent anchor bolts
having the same cross-sectional area. The connection between the anchor bolts
and the concrete was modeled by slide lines. Nonlinear material properties of
the concrete, reinforcement and steel were taken into consideration. In order
to obtain a better understanding of the nonlinear processes taking place in the
anchoring system during loading, the investigations were performed for differ-
ent directions of loading. Separate analyses were thus conducted for the force
(FX,FZ) and moment (M) loading (Fig.1). The nonlinear analyses of" the local
structural model were conducted using a three-dimensional finite element pro-
gram for elasto-plastic analyses of structures subjected to transient and im-
pulse type loads (Tropp, 1984). In order to obtain better insight into the non-
linear processes occurring in the region of anchorage, a number of characteris-
tic parameters of deformation and state were derived.

Figures 6 to 8 show the degree of deformation that can be expected at the anchor
node when a constant vertical,horizontal or moment loading is applied to the
anchor plate. The stresses that are to be expected from the normal load and the
associated crack propagation patterns are shown in Fig. 9. On the basis of the
total deformation of the system comprising the anchor plate, the anchor bolts
and the concrete which was expected to arise at the various levels of loading,
the corresponding force-displacement diagrams were generated for the individual
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types of loads (Figs. 10 to 12). It can therefore be said that in the case of
the anchoring system investigated here nonlinearity can generally be expected
with tensile forces of 250 kN, shear forces of 220 kN and upwards, and moments
starting at about 30 kNm.

5 DYNAMIC ANALYSIS OF GLOBAL SYSTEM

The mathematical model used for the investigations comprising step 2 is shown
in Figure 13. It represents a support structure of which the total mass is ide-
alized as a concentrated load. Each base point is allocated three elasto-plastic
spring elements which represent the behavior of the anchoring system in the hor-
izontal, vertical and rotational directions and have properties based on the
force-displacement diagrams described under 4 above (Fig. 14).

Linear and nonlinear analyses were performed using the mathematical model de-
scribed above. In the linear analyses (independent from the local level) linear
elastic anchor springs (K_.) were assumed. The global model was excited at nodes
11and12 simultaneously in %he vertical and horizontal directions using the as-
sumed time histories (Fig. 3). For the purpose of quantifying the influence of
the nonlinear effects at the anchorage location on the real response of the
structure in the area of load application (connection point B), a number of
parametric studies were performed (Krutzik 1984) with the above-mentioned model
in which the corresponding nonlinear springs were used. In order to determine
the influence of the nonlinearities on the response in the normal direction,
only the vertical and the rotational springs of the model were assigned non-
linear properties (Model V). The properties of the horizontal springs remained
unaltered (elastic). The influence of the nonlinearities on the horizontal di-
rection of vibration was correspondingly established by assuming nonlinear
springs for the horizontal direction and keeping the linear elastic springs in
the vertical direction (Model H). Analyses were also performed using the non-
linear springs for all three directions; see Model HV. The response spectra
were generated for the coupling points (1 and 2) as well as the component

(node 7) on the basis of 2% damping. Representativ acceleration response spec-
tra for Model HV are shown in Figures 15 and 16. The reduction in the peak ac-
celerations corresponds to the combined effects of the models V and H.

6 CONCLUSION

The investigations that were carried out demonstrated that the nonlinear re-
sponse of an anchoring system can be realistically determined using the method
applied in this study. If consideration is given in the analyses to the influ-
ence of the characteristics of the anchorage (anchoring elements and local
building structure) the dynamic response at the anchorage location (the real
connection point B) as well the coupling point of the component (7) is found to
be considerably less. In order to establish definitely the effects of the model
input parameters (particularly the geometry of the corresponding anchor plate
and of the anchor bolts as well as their material properties), further investi-
gations should be conducted with the aim of determining the characteristics of
typical anchor systems.
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