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Figure 13

Loss of contact with application of self-weight and
the limit load

Source: Authors (2018)

value of 61.5 kN, and where the experimental value of Consolazio,
Hamilton and Beery [3] is equal to 68.5 kN (difference of 10.2%).
Figure 13 shows the loss of contact in the initial and limit situations.
In the initial situation, the loss of contact with the application of self-
weight is 13% and the loss of contact in the limit situation is of 46%,
that is, there existed a lift-off increase of 33%.

Due to the elevated slenderness and lift-off, the beam under test

$

Figure 15
Load x Lateral mid-span displacement graph (mm)
Source: Authors (2018)

Figure 14

Beam sections BT-54 (left) and BT-72
(right) - dimensions in mm

Source: Authors (2018)
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- = = BT-72-40-/1000
- - - BT-72-40-/700
- - - BT-72-40-/500
- = = BT-72-40-,/300

Lateral displacement (mm)

Figure 16

Limit load and lift-off for section BT-72 with a span
of 40 m

Source: Authors (2018)

presented from the initial loading a nonlinear behavior. Therefore,
the proposed model represented precisely the geometric nonlin-
earities and loss of contact between the beam and the bearing
pad, which occur during rollover.

5. Parametric analyses
—

In order to evaluate the variation in the limit and the influence that initial
lateral eccentricity along with length of span exercise over beam lift-off
on bearing pads, thirty-two beams were modeled, with 16 beams of
the standard section AASHTO BT-54 and 16 of the standard section
BT-72. The dimensions of the sections are shown in Figure 14.

The following spans were considered 25, 30, 35 and 40 m and
4 eccentricities (L/1000, L/700, L/500 and L/300, where L is the
length of the beam).The form of nomenclature used is BT-54-
25-L/1000 where BT-54 refers to the beam section, 25 represents
the span in meters and L/1000 the value of initial eccentricity,
where L is the length of the beam.

—t— BT-54 ei=l/1000
—e— BT-54 ei=l/700
—t— BT-54 ei=|/500
=——a— BT-54 ei=l/300

= W= +BT-72 ei=l/1000

Limit load (kN)

= ®= -BT-72 ei=l/700

— =~ -BT-72 &i=l/500

= W= +BT-72 ei=lf300

100.0
25 30 35 40

Figure 17
Limit load x span
Source: Authors (2018)

In the model, the beams are supported on the bearing pads
of type B. The total vertical stiffness of the bearing pad used
in determining the longitudinal stiffness of each spring com-
ponent of the bearing pad was that provided by Hurff [8] of
1042 kN/mm. The stiffness associated with each spring was
obtained through Equation 1. Regarding the concrete, the
same parameters were adopted as in Hurff [8] for the elasticity
module and the Poisson coefficient.

5.1Lateral displacement and limit load

For each combination of variables, the curves are presented for
Load x lateral displacement in the middle of the span. From these
curves, it is obtained the rollover limit load and the relationship of
Limit load x Considered Span.

Presented also are the resulting loads concerning the bearing
pads of each case, along with showing the loss of contact per-
centage between the beam and the bearing pad for each combi-
nation of variables, through a consideration of the two previously
described loading situations. Through the resulting load and
the loaded area, the compressive stress on the bearing pad for
comparison with the limit values from ABNT NBR 9062:2017 [11]
is obtained.

Figure 15 shows the graphs for Load x Lateral displacement in
the middle of the span. The curves were divided by span.
Through Figure 15, for the four spans adopted and for the ana-
lyzed sections, the change in beam section does not influence
significantly lateral displacement in the middle of the span, al-
though the curves for beam BT-72 show a slightly better perfor-
mance. This occurs due to the fact that the moment of lateral
inertia from the two sections does not vary between the beams in
any considerable way, since the only difference between the two
sections is the height of the beam, more specifically the height
of the web, which has little influence on the moment of lateral
inertia. Noteworthy here is that as eccentricity increases, greater
will be the lateral displacement for the same load applied to the
middle of the span.

Figure 16 shows the curves for Load x Lateral displacement for
the section PCI BT-72 and a span of 40 m, highlighting the re-
spective limit loads and loss of contact between the beam and
the bearing pads.

The limit load is obtained by the curves for Load x lateral dis-
placement in the middle of the span, as demonstrated by the in-
clination of the tangent to the curve. Figure 17 shows the limit
load for each section configuration, span and eccentricity of the
beams. For the same eccentricity, one notes that the limit load
decreased as the span increased. The limit load also decreased
as the initial lateral eccentricity increased, where the beams had
an eccentricity of L/300, which are much lower limit load values
than the rest.

When the limit load x span curves are compared for the two dif-
ferent sections, with the same span and eccentricity, one notes
that the beams with the section BT-72 possess a limit load that
is slightly higher when compared to the beams with section BT-
54. This may be a consequence of the small difference between
lateral inertia that exists between the two sections. Another prob-
able cause is the difference in the height of the two sections, as
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Figure 18

Lift-off of beam BT-54-40-L/300 onto the pad and reactions on springs (N)

Source: Authors (2018)

section BT-72 is higher; this may result in a lower lift-off of the
beam on the bearing pad.

5.2 Lift-off of beam from bearing pads

In the analyses for lateral instability, great importance is given to
the evaluation of the occurrence of lift-off of the beam on the bear-
ing pads, as this lift-off is also responsible for the nonlinear behav-
ior of the beams during rollover, as well as the slenderness of the
beam, which can result in rotational stiffness of the bearing pad
that is lower than necessary for guaranteeing the equilibrium of
the beam during this construction stage. In order to evaluate this
behavior, the bearing pads were modeled as being a set of solid
elements supported on springs. Highlighted here is that the springs
in the model work only in compression and therefore, the sprung
springs present a reaction equal to zero, representing in this way
the region where lift-off of the beam occurs. Lift-off was analyzed in
the initial and limit situations, where initial refers to the application
of self-weight only, and limit to the application of self-weight and
concentrated load in the middle of the span.

Another consequence of loss of contact is that the load applied
to the bearing pad is not distributed across the whole area of the
bearing pad, which results in greater compressive stress to the
loaded areas of the pads, and this load should not surpass the

Beam BT-54-30-L/300

limits imposed by the normative ABNT NBR 9062:2017 [11]. The
load applied to the bearing pad refers to self-weight in the initial
situation and to self-weight summed together with the limit load of
each case. Regarding the limit of compression stress, according to
normative ABNT NBR 9062:2017 [11], the maximum stress for the
bearing pad, with dimensions 35.6 x 61.0 cm, is 15.0 MPa.

Figure 18 demonstrates the loss of contact for the initial and limit
situation for the beam BT-54-40-L/300 and shows the value of the
support reactions on a bearing pad, in N.

Through Figure 18, the lift-off causes a significant reduction in
loaded area for the beam under analysis. In the initial situation,
the loss of contact is 44.44%, and in the limit situation, the loss
of contact is of 59.72%. In the initial situation, the compres-
sive stress acting on the loaded area is 1.75 MPa and in the fi-
nal situation is 4.37 MPa. Therefore, the compressive stress
does not reach, for any case, the limit imposed by the normative
ABNT NBR 9062:2017 [11].

Figure 19 compares loss of contact for beams BT-54 and BT-72,
with a 30 m span and eccentricity of L/300, for the limit situation.
The loss of contact was 47.22% and 40.28% for the beams BT-54
and BT-72, respectively.

Table1 shows the loss of contact in both situations, as a percent-
age, for all beams analyzed. Noteworthy here is that for the same
span and same eccentricity, all the beams with section BT-54

Beam BT-72-30-L/300

2 | = 30000-35000

ﬁ = 25000-30000
& 20000-25000
= 15000-20000
& 10000-15000
= 5000-10000
= 0-5000
m0

30000-35000
m 25000-30000
| 20000-2500
m 15000-20000
m 10000-15000
= 5000-1000
m 0-5000

=m0

Figure 19

Lift-off of beam BT-54-30-L/300 and BT-72-30-L/300 onto the bearing pad and reaction on springs (N)

Source: Authors (2018)

IBRACON Structures and Materials Journal ¢ 2020 « vol. 13 *n° 1

E—— K]



Numerical analysis of the effective stiffness of elastomeric bearing pads under precast beams

for the limit load of lateral instability

Table 1

Loss of contact in the limit load situation of the beams under analysis

Initial situation

Limit situation

Span (m) Eccentricity Loss of contact (%) Loss of contact (%)
BT-54 BT-72 BT-54 BT-72
L/1000 9.72 0.00 26.39 6.94
25 L/700 11.11 0.00 25.00 12.50
L/500 12.50 1.39 27.78 16.67
L/300 16.67 6.94 37.50 33.33
L/1000 23.61 2.78 34.72 15.28
30 L/700 25.00 417 36.11 19.44
L/500 25.00 6.94 36.11 26.39
L/300 26.39 13.89 47.22 40.28
L/1000 33.33 9.72 41.67 23.61
35 L/700 33.33 11.11 43.06 27.78
L/500 34.72 12.50 44.44 31.94
L/300 34.72 20.83 54.17 47.22
L/1000 40.28 19.44 47.22 30.56
0 L/700 41.67 19.44 50.00 34.72
L/500 41.67 20.83 51.39 40.28
L/300 44.44 30.56 59.72 50.00
Source: Authors (2018)
Table 2
Differences between pad stiffness
Beam Koy (pp) Koy (limit) Reduction Kox (pp) Kox (limit) Reduction
kNemm/rad kNemm/rad % kNemm/rad kNemm/rad %
BT-54-25-L/1000 8.54E+06 8.10E+06 518 3.12E+06 2.98E+06 4.52
BT-54-25-L/700 8.58E+06 7.97E+06 7.11 3.11E+06 2.91E+06 6.38
BT-54-25-L/500 8.52E+06 7.69E+06 9.73 3.07E+06 2.77E+06 9.97
BT-54-25-L/300 8.26E+06 6.69E+06 18.97 2.96E+06 2.34E+06 20.98
BT-54-30-L/1000 7.69E+06 6.91E+06 10.16 2.86E+06 2.55E+06 10.94
BT-54-30-L/700 7.62E+06 6.76E+06 11.30 2.83E+06 2.46E+06 13.07
BT-54-30-L/500 7.56E+06 6.47E+06 14.46 2.79E+06 2.32E+06 16.66
BT-54-30-L/300 7.27E+06 5.38E+06 26.10 2.63E+06 1.90E+06 27.72
BT-54-35-L/1000 6.74E+06 6.00E+06 10.95 2.50E+06 2.18E+06 12.89
BT-54-35-L/700 6.68E+06 5.81E+06 13.10 2.48E+06 2.09E+06 15.68
BT-54-35-L/500 6.57E+06 5.47E+06 16.71 2.43E+06 1.95E+06 19.84
BT-54-35-L/300 6.27E+06 4.31E+06 31.25 2.26E+06 1.56E+06 31.13
BT-54-40-L/1000 5.97E+06 5.25E+06 12.15 2.17E+06 1.87E+06 13.91
BT-54-40-L/700 5.85E+06 4.97E+06 15.03 2.14E+06 1.78E+06 16.95
BT-54-40-L/500 5.76E+06 4.51E+06 21.65 2.10E+06 1.64E+06 21.77
BT-54-40-L/300 5.39E+06 3.41E+06 36.84 1.93E+06 1.28E+06 33.61
BT-72-25-L/1000 9.03E+06 9.55E+06 -5.81 3.19E+06 3.40E+06 -6.29
BT-72-25-L/700 9.03E+06 9.35E+06 -3.57 3.19E+06 3.31E+06 -3.71
BT-72-25-L/500 9.03E+06 8.95E+06 0.80 3.19E+06 3.13E+06 1.90
BT-72-25-L/300 8.94E+06 7.53E+06 15.73 3.15E+06 2.56E+06 18.86
BT-72-30-L/1000 9.04E+06 8.86E+06 1.99 3.20E+06 3.19E+06 0.51
BT-72-30-L/700 8.98E+06 8.55E+06 4.79 3.19E+06 3.04E+06 4.67
BT-72-30-L/500 8.90E+06 7.99E+06 10.18 3.16E+06 2.79E+06 11.81
BT-72-30-L/300 8.57E+06 6.41E+06 25.24 3.01E+06 2.19E+06 27.16
BT-72-35-L/1000 8.68E+06 8.06E+06 7.22 3.14E+06 2.93E+06 6.80
BT-72-35-L/700 8.61E+06 7.70E+06 10.57 3.10E+06 2.74E+06 11.72
BT-72-35-L/500 8.47E+06 7.12E+06 15.94 3.04E+06 2.48E+06 18.28
BT-72-35-L/300 7.92E+06 5.38E+06 32.17 2.78E+06 1.89E+06 32.25
BT-72-40-L/1000 8.05E+06 7.22E+06 10.33 2.96E+06 2.61E+06 11.77
BT-72-40-L/700 7.96E+06 6.82E+06 14.28 2.92E+06 2.42E+06 16.91
BT-72-40-L/500 7.80E+06 6.14E+06 21.26 2.83E+06 2.15E+06 2411
BT-72-40-L/300 7.13E+06 4.51E+06 36.65 2.49E+06 1.64E+06 34.33

Source: Authors (2018)
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Figure 20

Effective stiffness around Y x mid-span eccentricity
(initial situation)

Source: Authors (2018)

present a higher loss of contact than beams with section BT-72.
Note also that for the initial situation only the beams of section BT-
72, with a span of 25 m and eccentricity of L/1000 and L/700, did
not present lift-off.

5.3 Effective stiffness of the bearing pads

Table 2 shows the difference that results from applying the con-
centrated load in the middle of the span over effective stiffness
around the axis X and Y. On Table 2, the abbreviation “sw” refers
to self-weight (initial situation) and “limit” refers to the situation with
self-weight summed together with the application of limit load to
the middle of the span (limit situation).

By analyzing the values shown on Table 2, the stiffness tends to
decrease in accordance with the application of the limit load to
the middle of the span. However, for beams BT-72-25-L/1000 and
BT-72-25-L/700, there was no reduction, and in fact an increase in
rotational stiffness on the bearing pads. It is true that the increase
in the initial compression of the bearing pad causes an increase in
rotational stiffness. As a result, it is generally understood that the
gains from this initial compression are more significant than the
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Figure 21

Effective stiffness around X x mid-span eccentricity
(inifial situation)
Source: Authors (2018)
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Effective stiffness around Y x mid-span eccentricity
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Source: Authors (2018)

losses caused by the addition of bearing pad rotation due to the
load applied in the middle of the span.

Another way of evaluating stiffness is in relation to the increase
of eccentricity for the same span and section. To this end, curves
are traced for rotational stiffness x eccentricity in the middle of
the span. Figure 20 shows the reduction in effective stiffness in
the direction Y and Figure 21 shows the reduction of stiffness
in direction X, considering the initial situation. The stiffness in Y
refers to the lateral bending of the beam, and stiffness in X to the
vertical bending of the beam. Figure 22 shows the reduction in
stiffness in the direction Y and Figure 23, in the direction X, for
the limit situation.

By analyzing Figure 20 and Figure 21, which refer to the initial
state (with the application of self-weight), the stiffness decreases
with the increase of eccentricity for all cases. Through a consider-
ation of the stiffness around Y, which is that which affects the stabil-
ity of the beams, one notes that for the span of 25 m, the reduction
in stiffness is not so emphasized. However, for the larger spans,
mainly for the span of 40 m, the reduction is significant.

The reduction of stiffness around Y, for the initial situation, between
the beam with eccentricity of L/1000 and the beam with eccen-
tricity of L/300 for BT-54 and BT-72 is 3% and 1%, respectively.
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Figure 23

Effective stiffness around X x mid-span eccentricity
(limit situation)

Source: Authors (2018)

IBRACON Structures and Materials Journal ¢ 2020 « vol. 13 *n° 1

E— I



Numerical analysis of the effective stiffness of elastomeric bearing pads under precast beams

for the limit load of lateral instability

However, for the span of 40 m, the stiffness around Y reduces in
10% for the beam BT-54 and 11% for BT-72.

When comparing the stiffness values, taking into consideration the
limit situation, the stiffness reduces considerably for all spans. This
difference exists between the initial and limit situation because
the moment generated in the limit situation, which considers own-
weight plus the load concentrated in the middle of the span, is
much greater than the moment generated only by self-weight in the
initial situation. Figure 22 and Figure 23 show the stiffness reduc-
tion around Y and X, respectively, for this limit situation.

The decrease in stiffness around Y for the eccentricity limits under
consideration (L/1000 and L/300) for beams BT-54 and BT-72 with
a 25 m span is 17% and 21%, respectively. For the span of 40 m,
the reduction is 35% for BT-54 and 37% for BT-72.

Therefore, considering only self-weight, one concludes that eccen-
tricity reduces stiffness, in a prominent manner, only for larger spans.
This suggests also that this reduction was not greater due to the fact
that the moment of lateral inertia possessed an elevated value, as a
result of the dimensions of the upper and lower flange tops.

6. Conclusions
E—

In a general sense, the present study looked at creating models of
beams on elastomeric bearing pads for beam section combinations,
spans and eccentricities, as a means to obtain information pertinent
to lateral displacements on beams that result from a concentrated
load applied to the middle of the span. With this information at hand,
the rollover limit load was obtained for each situation, along with
an evaluation of the beam lift-off problem, when its rotation on the
bearing pad reaches excessive values. In addition, evaluations were
made as to the stiffness behavior of the elastomeric bearing pads in
the different varieties of combinations. Based on results obtained
from parametric studies the following conclusions are drawn:

a) Comparing the two experimental studies: Hurff [8] and Conso-
lazio, Hamilton and Beery [3], the model of beam constituted on
solid elements and supported on a simplified pad model, provid-
ed adequate values for rotation and lateral displacement in the
middle of the span. Regarding the first study, the limit load value
obtained was 484.0kN, which when compared to the 463.0 from
Hurff [8], results in a difference of 4.5%. Finally, the model of
beam from Consolazio, Hamilton and Beery [3], also provided
a value close to the limit load (61.5kN), which differs from the
experimental value (68.5kN) in 10.2%. Therefore, the model is
adequate for representing a beam supported on elastomeric
bearing pads and that the criterion of the inclination of the tan-
gent to the curve, load x lateral displacement in the middle of the
span, is sufficient to determine the different rollover limit load.

b) The parametric analyses looked to evaluating the variations
of the limit load and lift-off of the beams, as the initial imper-
fections and spans are altered. Regarding the limit load, one
notes that the increase in eccentricity and the span cause a
reduction of these loads. In terms of beam height, which was
considered by using two standard sections of AASHTO (BT-54
and BT-72), the influence that is exercised over lateral insta-
bility is not significant, as it is lateral inertia that governs the
stability of the beam.

c) Beam lift-off from the bearing pads is of extreme importance in

the evaluation of beam stability. In regards to the beams ana-
lyzed, even those that had a loss of contact of approximately
50% between the beam and the bearing pad, the compression
stress in the resulting area did not surpass the limit imposed by
the Brazilian normative of 15.0 MPa.

d) Finally, this study looked to determining the effective stiffness
of bearing pads in the initial and limit situations of loading.
Noteworthy here is that the rotational stiffness decreased with
the increase of eccentricity, and that this reduction arrived at
16% in some cases, when self-weight was taken into consid-
eration. In the limit situation, the reduction due to eccentricity
reached 37%. Highlighted also was that rotational stiffness, af-
ter passing the initial situation to the limit situation, decreased
in nearly all cases. In this analysis, the increase in rotation of
the bearing pad tends to decrease stiffness and the increase
in the applied load to the middle of the span tends to cause
greater compression on the bearing pad. Therefore, in nearly
all cases the increase in rotation was more unfavorable than
the increase in the initial compression of the bearing pad due
to the increase in applied load.
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