
  

  

 

S
tr

u
c
tu

r
e
s
 R

e
s
e
a
r
c
h

  

R
e
p

o
r
t 

 

   

 

 
University of Florida 

Civil and Coastal Engineering 

 

Deliverable 8: Final report March 2021 
 

Evaluation of Tapered Bridge 
Pads 
 
Principal investigator: 

Gary R. Consolazio, Ph.D. 

 
Co-Principal investigator: 

H.R. Trey Hamilton, Ph.D., P.E. 

 
Research assistant: 

Satyajeet Patil 

 

 
Department of Civil and Coastal Engineering 

University of Florida 
P.O. Box 116580 

Gainesville, Florida 32611 
 

 
Sponsor: 

Florida Department of Transportation (FDOT) 
Christina Freeman, P.E. – Project manager 

 
 

Contract: 

UF Project No. P0077250 & P0077251 
FDOT Contract No. BDV31-977-95   

U
n

iv
e
r
s
it

y
 o

f 
F
lo

r
id

a
  

  
C

iv
il
 a

n
d

 C
o

a
s
ta

l 
E
n

g
in

e
e
r
in

g
 

 
 



ii 

DISCLAIMER 

 

The opinions, findings, and conclusions expressed in this publication are those of the 

authors and not necessarily those of the State of Florida Department of Transportation. 
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SI (MODERN METRIC) CONVERSION FACTORS 

APPROXIMATE CONVERSIONS TO SI UNITS 

 

SYMBOL WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL 

LENGTH 

in inches 25.4 millimeters mm 

ft feet 0.305 meters m 

yd yards 0.914 meters m 

mi miles 1.61 kilometers km 

AREA 

in2 square inches 645.2 square millimeters mm2 

ft2 square feet 0.093 square meters m2 

yd2 square yard 0.836 square meters m2 

ac acres 0.405 hectares ha 

mi2 square miles 2.59 square kilometers km2 

VOLUME 

fl oz fluid ounces 29.57 milliliters mL 

gal gallons 3.785 liters L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1000 L shall be shown in m3 

MASS 

oz ounces 28.35 grams g 

lb pounds 0.454 kilograms kg 

T short tons (2,000 lb) 0.907 Megagrams 

(or "metric ton") 

Mg (or "t") 

TEMPERATURE (exact degrees) 

oF Fahrenheit 5(F-32)/9 or (F-32)/1.8 Celsius oC 

FORCE and PRESSURE or STRESS 

kip 1,000 pound force 4.45 kilonewtons kN 

lbf pound force 4.45 newtons N 

lbf/in2 pound force per square inch 6.89 kilopascals kPa 

ksi kips force per square inch 6.89 Megapascals MPa 
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EXECUTIVE SUMMARY 

 

Steel-reinforced elastomeric bearing pads are widely used in bridge construction to 

vertically support girders on piers while also accommodating translational and rotational girder 

deformations caused by live loads and temperature changes. To support sloped girders, flat bearing 

pads of uniform thicknesses are typically used with either tapered steel shim plates or an inclined 

concrete bearing seat. Tapered pads have the potential to reduce both construction time and cost 

by eliminating the need for tapered steel plates or the need to slope concrete beam seats to match 

the girder slope. Limited research, however, has been performed to investigate the effects of taper 

on relevant design properties of bearing pads such as axial stiffness, shear stiffness, horizontal 

restraining force and displacement generated in tapered pads under pure compression, and shear 

strain at slip. 

In order to evaluate these properties, tapered pad configurations with varying plan view 

dimensions, elastomer thicknesses, and slope angles were developed by modifying elastomer 

thicknesses and shim orientations of standard FDOT flat pads. An experimental test setup and 

testing protocol was then developed to test tapered bearing pads and flat pads (control specimens). 

In this report, results are presented from the experimental testing that was performed to quantify 

the effects of taper on the design properties of bearing pads. Results obtained from the study 

revealed that shear stiffness was not significantly influenced by the introduction of taper angle, or 

the direction of shear along the length of pads. The shear stiffness of tapered pads remained within 

approximately 15% of the shear stiffness of corresponding flat pads. However, axial stiffness, 

horizontal restraining force, and horizontal displacement in tapered pads were found to depend on 

the taper slope angle. Axial stiffness decreased with increase in taper slope, and horizontal 

restraining force and displacement increased with increase in slope.  

Based on the collected experimental data, generalized equations were developed to aid in 

the estimation of axial stiffness, shear stiffness, horizontal restraining force, and horizontal 

displacement. The effect that taper slope has on shear strain at pad slip was also investigated. 

Tapered pads bearing against concrete surfaces were found to satisfy the AASHTO requirement 

of minimum 0.5 shear strain before slip. However, tapered pads bearing against steel surfaces 

generally did not satisfy this requirement. Future research is recommended to evaluate different 

options to prevent premature slip of tapered pads on steel surfaces. For the design of mechanical 

anti-slip devices such as keeper plates, relevant design forces may be computed using horizontal 

pad restraining force equations developed and presented in this study.  
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CHAPTER 1 

INTRODUCTION 

 

Bridge girders and associated supporting elements, including bearing pads and 

substructures, are regularly subjected to combined vertical and horizontal forces. Self-weight of 

bridge components (girders, road deck, barriers, etc.) and weight of vehicles (trucks and cars) are 

primarily responsible for the vertical forces. On the other hand, thermal expansion and contraction 

of bridge components as well as vehicle braking forces are responsible for horizontal forces. 

Environmental loads such as wind and earthquake forces also impose vertical and horizontal forces 

on bridge structures. Structural demands caused by combinations of vertical and horizontal forces 

need to be considered during design to ensure bridge safety and serviceability. 

At each girder support location, one or more bearings are placed between the bridge girders 

and the underlying substructure elements (abutments, piers) (Figure 1-1). The bearings serve both 

to distribute vertical forces from the bridge superstructure to the bridge substructure and to limit 

the transmission of horizontal forces that are caused by thermal deflections (Figure 1-2). 

Consequently, bridge bearings must possess sufficient stiffness and strength to distribute large 

vertical loads, but have sufficient flexibility to allow the superstructure to undergo horizontal 

movements without diminishing the structural integrity of superstructure or substructure 

components.  

 

Figure 1-1 Location of bearing pads (not to scale) 

Different types of bearings are available for use depending on the type of bridge and the 

expected deflection pattern. Elastomeric bearing pads (Figure 1-3) are one of the most commonly 

used bearings for bridges due to their ease of installation and maintenance (Burpulis et al., 1990; 

Pont, 1959). Such pads generally consist of neoprene elastomer (a synthetic rubber-like material) 

with embedded steel reinforcing shim plates (Figure 1-3) that vary in thickness generally from 0.1 

in. to 0.15 in. Neoprene is generally used in bearing pads because it has better resistance to heat, 

flames, and ozone attack compared to general purpose elastomers; neoprene also has better 

adhesion to metals and resistance to weathering. Neoprene elastomer is flexible in shear and allows 
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horizontal movements in bridges. However, when reinforced with steel shims, a neoprene bearing 

pad has high compression stiffness and can support heavy vertical forces. Compression and shear 

are, therefore, the important modes of deformation for bearing pads (Figure 1-4). As a result, 

quantifying the axial and shear stiffnesses of bearing pads is important step in bridge design. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1-2 Bearing pad uses: (a) support superstructure on substructure; (b) distribute vertical 

load from superstructure to substructure; (c) accommodate thermal expansion of superstructure; 

(d) accommodate thermal contraction of superstructures 

 

Figure 1-3 Steel-reinforced elastomeric bearing pad 
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(a) (b) 

Figure 1-4 Bearing pads deformation modes: (a) Compression; (b) Shear  

Elastomeric bearing pads are available in different shapes and sizes. Most commonly used 

elastomeric bearing pads include rectangular and circular. These pads can be directly placed on 

the pier top surface to support a horizontally aligned girder (Figure 1-5a). In the case of a girder at 

a slope, the bearing seat may be sloped, or a leveling shim may be inserted between a girder and 

bearing pad in order to minimize the slope mismatch between girder bottom flange and the bearing 

pad. The Florida Department of Transportation (FDOT) permits the use of flat pads for beams with 

grade less than 0.5%, but requires the use of sloped bearing seats for beam grades between 0.5% 

and 2% (Figure 1-5c). For beam grades greater than 2%, FDOT requires the use of leveling shims 

which introduce additional cost (Figure 1-5b). On the other hand, the slope mismatch can also be 

economically minimized by using tapered bearing pads (Figure 1-5d), which could minimize extra 

labor at the bridge construction site and allow quality to be be controlled during fabrication in the 

factory. However, after 1992, the American Association of State Highway and Transportation 

Officials (AASHTO, 2017) restricted the use of tapered bearing pads and therefore does not 

provide design guidelines for tapered pads. AASHTO states that tapered elastomer layers cause 

larger shear strains compared to uniform thickness elastomer layers, and that the larger strains can 

result in premature failure of a bearing pad (from delamination or rupture of reinforcing steel 

shims). However, experimental research funded by Texas Department of Transportation 

(Muscarella and Yura, 1995) demonstrated that tapered pads can be successfully used in bridges. 

As a result, the Texas Department of Transportation continued to use tapered bridge bearing pads 

even after the restriction imposed by AASHTO.  

The goal of the present study was, therefore, to experimentally evaluate tapered bearing 

pad characteristics for use in Florida bridge construction. Pad characteristics that were investigated 

included axial stiffness, shear stiffness, horizontal deformation and restraining force in tapered 

pads under compression, and shear displacement at slip and coefficient of friction for tapered pads. 
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(a) (b) 

  
(c) (d) 

Figure 1-5 Bearing pad and bridge structure configurations using: (a) Flat bearing pad; 

(b) Leveling shim and flat bearing pad; (c) Bearing pad and sloped seat; (d) Tapered bearing pad 



5 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Bridge bearing pads 

The bearing pads tested in this study were rectangular neoprene elastomeric bearing pads. 

Such bearing pads consist of steel shims interlaced between layers of neoprene (Figure 2-1). 

Bearing pads have three basic modes of deformation including compression, shear and rotation 

(Figure 2-2). In the compression mode, the axial (compression) stiffness primarily depends on the 

properties and geometry of the elastomer layers. Elastomers are nearly incompressible (i.e., 

Poisson’s ratio 𝜈 ≅0.5) and bulge when compressed. When elastomers are reinforced with steel 

shims, bulging (Figure 2-3) in the bearing pad is reduced as compared to plain unreinforced 

bearing pads. Steel shims are much stiffer than elastomer (i.e., nearly rigid in comparison) and 

restrain bulging of bearing pads when aligned horizontally along the plane of bulging (Hamzeh et 

al., 1998; Najm et al., 2002; Charles W. Roeder & Stanton, 1983; Soleimanlo & Barkhordar, 2013). 

As the number of shims increases, while maintaining a constant total thickness of elastomer, the 

axial stiffness increases due to decreases in the thicknesses of the individual elastomer layers 

(Muscarella & Yura, 1995). Conversely, as the thicknesses of individual elastomer layers decrease, 

the shear stiffnesses increase (Muscarella & Yura, 1995) and the effectiveness of a bearing pad to 

accommodate girder movements decreases.  

 

Figure 2-1 Steel reinforced neoprene elastomeric bearing pad 
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(a) (b) 

 
(c) 

Figure 2-2 Bearing pads deformation modes: (a) Compression; (b) Shear; (c) Rotation 

  
(a) (b) 

Figure 2-3 Bearing pad bulging: (a) without steel shims; (b) with steel shims 

Neoprene is generally used in bridge bearing pads because it has better resistance to heat, 

flames, and ozone attack as compared to general purpose elastomers; neoprene also has better 

adhesion to metals and resistance to weathering (Gent, 2012). The molecular structure of 

elastomers consists of strong and weak polymer chains. Under large shear strains, the weak 

polymer chains tend to break, which results in reduced shear stiffness of elastomers in 

subsequent shear cycles at lower shear strain. This phenomenon is referred to as the Mullin’s 

effect (Cantournet et al., 2009; Mullins, 1948). To remove the Mullin’s effect, standard testing 

methods for determining shear stiffness and modulus of bearing pads include conditioning 

procedures in which large shear strain cycles are initially imposed on the test specimen before 

the final cycle used to determine stiffness; this process breaks the weak polymer chains that are 

found in newly fabricated bearing pads. 

The behavior of a bearing pad can be controlled through appropriate selection of neoprene 

elastomer material and pad geometry. The American Association of State Highway and 

Transportation Officials (AASHTO, 2017) restricts the shear modulus of neoprene elastomer used 

in bridge bearing pads to between 80 psi and 250 psi. This restriction is imposed because neoprene 

elastomer materials with shear modulus over 250 psi generally fail at smaller shear strains, and 

have greater creep and stiffness as compared to softer neoprene. However, use of neoprene with a 

shear modulus of less than 80 psi may result in unfavorable driving conditions on a bridge due to 

excessive deformation at the girder supports.  
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Separate from material selection, the geometry of a bearing pad is controlled by adjusting 

the total elastomer thickness and the individual elastomer thicknesses. Total elastomer thickness 

is governed by the expected maximum horizontal deflection of the bridge superstructure, caused 

by thermal movement (expansion and contraction), creep, and shrinkage. AASHTO limits the 

shear strain in a bearing pad to 50% (i.e., 𝛾 ≤ 0.5) because beyond 50% shear strain, the corners 

of bearing pads were found to ‘roll’ (Figure 2-4) and increase the risk of neoprene delamination 

from the steel shims (Pont 1959; Roeder et al., 1987). Consequently, total elastomer thickness 

should be more than twice the expected maximum horizontal deflection so as to keep the maximum 

shear strain under 50%. Further, individual elastomer layer thickness depends on the number of 

steel shims in a bearing pad. Thinner elastomer layers have higher axial stiffness than thicker 

elastomer layers, but can fail in shear either due to delamination from steel shims, or by rupture of 

the elastomer at a lower shear strain than in thicker elastomer layers. Therefore, bearing pad 

properties are influenced not only by elastomer shear modulus, but also by pad geometry, including 

total and individual elastomer layer thicknesses.  

 
(a) 

 
(b) 

Figure 2-4 Typical shear deformation of an elastomeric bearing pad: (a) at shear strains (𝛾) less 

than 50%; (b) at shear strains greater than 50% (after Roeder et al., 1987)  

Once the elastomer shear modulus and total elastomer thickness have been selected, the 

effect that individual elastomer layer thickness has on axial stiffness is determined by following 

an empirical approach. This approach was developed for flat bearing pads and utilizes the ratio of 

loaded area to the area free to bulge (Figure 2-5), for the thickest elastomer layer.  

 

Figure 2-5 Bearing pad shape factor dimensions 

The ratio is called the shape factor, S, and can be calculated as:  



8 

𝑆𝑖 =  
𝐿𝑜𝑎𝑑𝑒𝑑 𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝐴𝑟𝑒𝑎 𝐹𝑟𝑒𝑒 𝑡𝑜 𝐵𝑢𝑙𝑔𝑒
 =  

𝐿 × 𝑊

2 ℎ𝑟𝑖(𝐿 + 𝑊)
 

(2-1) 

for the ith layer of elastomer in a bearing pad. In Equation (2-1) L and W are the length and width 

of the pad, respectively, and hri is the thickness of ith layer of neoprene elastomer. For typical flat 

reinforced bearing pads, the shape factor is between 4 and 12 (Stanton et al., 1982). (Note that the 

shape factor is an empirical mechanism used for uniform thickness elastomer layers and was not 

developed for non-uniform thickness elastomer layers, as in the case of tapered bearing pads.)  

Using the shape factor, the axial strain in a flat bearing pad may be computed as:  

𝜀𝑎 =  
𝜎𝑠

3𝐵𝑎𝐺𝑆𝑖
2  (2-2) 

In Equation (2-2), σs is the sum of the static compressive stress and average cyclic compressive 

stress. The cyclic component is multiplied by 1.75 for applicable service load combinations. Cyclic 

loading shall consist of loads induced by traffic, and all other loads shall be considered to be static. 

The parameter G is the shear modulus of neoprene , and Ba is 1.6 for rectangular pads. However, 

Ba is based on work performed on flat bearing pads (Stanton et al., 2004). 

AASHTO limits the combined effects of axial load, rotation, and shear (Figure 2-6) by 

limiting the values of shear strain that are generated by axial load, rotation, and shear forces. Shear 

strains due to axial load, rotation, and shear are calculated using Equations (2-3), (2-4) and (2-5) 

respectively and the combined effect is calculated using Equation (2-6). 

𝛾𝑎 =  𝐷𝑎

𝜎𝑠

𝐺𝑆𝑖
≤ 3.0 for static loading  (2-3) 

𝛾𝑟 =  𝐷𝑟 (
𝐿

ℎ𝑟𝑖
)

2 𝜃𝑠

𝑛
  

(2-4) 

𝛾𝑠 =  
∆𝑠

ℎ𝑟𝑡
 ≤ 0.5 

(2-5) 

(𝛾𝑎,𝑠𝑡 + 𝛾𝑟,𝑠𝑡 + 𝛾𝑠,𝑠𝑡) + 1.75(𝛾𝑎,𝑐𝑦 + 𝛾𝑟,𝑐𝑦 + 𝛾𝑠,𝑐𝑦) ≤  5.0 (2-6) 

In these equations, σs is the average compressive stress due to total static or cyclic load from 

applicable service load combinations, L (in.) is the plan dimension (Figure 2-7) of the bearing 

perpendicular to the axis of rotation under consideration (L is generally measured parallel to the 

direction of traffic), n is number of interior layers of elastomer (layers which are bonded on two 

faces), θs is the maximum static or cyclic service limit state design rotation angle of the elastomer, 

𝛥𝑠 is the maximum total static or cyclic shear deformation of the elastomer from applicable service 

load combinations, and Da and Dr are constants. Similar to Ba in Equation (2-2), Da and Dr are 

based on work performed for flat bearing pads  (Stanton et al., 2004). Further, in Equations (2-2) 

to (2-5), the shape factor S and elastomer thicknesses hri and hrt are defined for flat pads with 

uniform thickness elastomer layers. As noted previously, AASHTO restricts the use of tapered 
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bearing pads due to larger shear strains in tapered layers and the potential for premature failure 

due to delamination or rupture of reinforcement. AASHTO does not therefore provide equations 

for the design of tapered pads. However, experimental research funded by Texas Department of 

Transportation (Muscarella & Yura, 1995) on tapered bearing pads did not indicate failure of 

tapered bearing pads during standard shear modulus testing. 

  
(a) (b) 

 
(c) 

Figure 2-6 Shear strain in bearing pad due to: (a) axial load; (b) shear; (c) rotation 

 

Figure 2-7 Bearing pad orientation 

2.2 Past experimental studies on bearing pads 

The compression behavior of flat bearing pads has been found to be dependent on the 

effective compression modulus. The effective compression modulus (Ec) considers additional 

restraint against bulging provided by steel shims in a bearing pad and can be calculated for flat 

bearing pads using the Equation (2-7) provided by Gent (2012): 

𝐸𝑐 =  
𝐺(1 + α𝑆2)

2(1 + 𝜈)
 

(2-7) 

In this equation, G is the elastomer shear modulus,  is an empirically determined constant, S is 

the shape factor of the thickest elastomer layer in the bearing pad, and  is Poisson’s ratio. Similar 

relationships between Ec, G and S were also provided by Podolny et al. (1982) and Stanton et al. 
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(2004). Therefore, the effective compression modulus increases as the shape factor of bearing pads 

increases (Arditzoglou et al., 1995; Gent, 2012, Pinarbasi et al., 2004; Roeder et al., 1987). The Ec 

for flat bearing pads also increases as shear modulus (G) increases (Arditzoglou et al., 1995; 

Soleimanlo & Barkhordar, 2013). However, no relationship is presented in the literature for 

tapered bearing pads.  

Muscarella & Yura (1995) performed experimental tests on tapered bearing pads and 

concluded that the effect of taper on compression modulus depends on the shape factor and the 

elastomer hardness. Figure 2-8 compares flat and tapered bearing pads with 3 and 6 steel shims, 

where the total elastomer thickness was consistent regardless of number of shims. In order to 

maintain a consistent total thickness of elastomer, the overall thickness of the bearing pad with 6 

shims was increased by 0.3 in., to account for the thickness of the additional 3 shims. It was 

observed that the compression modulus of a 3-steel shim tapered bearing pad decreased by only 

1.5% when compared to a flat pad with the same reinforcing (steel shim) configuration. The 

compression modulus of a tapered bearing pad with 6-steel shims decreased by 11.3% when 

compared to a flat pad of the same reinforcing configuration, with the tapered pad being less stiff 

axially. Moreover, it was also reported that axial stiffness decreased as the bearing pad slope 

increased from 4% to 6%. However, Muscarella and Yura did not provide a direct relation between 

Ec, G and S for tapered pads.  
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(a) 

 
(b) 

Figure 2-8 Stress-strain diagrams for flat and taper bearings (Muscarella and Yura, 1995): (a) 

3-steel shims and (b) 6-steel shims  

Muscarella & Yura (1995) investigated the compression behavior of tapered pads with steel 

shims placed in two different alignments: steel shims placed radially in the pads (Figure 2-9a); and 

steel shims placed horizontally (Figure 2-9b). The experimental results showed that the difference 

between axial deformation of bearing pads with parallel and radial alignment increased with 

increase in compression load, where pads with parallel alignment had marginally more axial 

deformation than pads with radial alignment. The percentage difference between axial deformation 

of pads with parallel and radial shims was reported to increase from 2.6% to 6.7% as the 

compression load increased from 500 psi to 1500 psi (typical load range for bearing pads).  
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(a) (b) 

Figure 2-9 Steel shim arrangement: (a) parallel; (b) radial 

Elastomeric bearing pad shear stiffness is the primary property that resists horizontal 

movement of girders due to thermal expansion and contraction. From a stress-strain perspective, 

shear stiffness is dependent on the shear modulus of the elastomer, which depends on the amount 

of filler that is present in the elastomeric compound during manufacturing (Arditzoglou et al., 

1995). Fillers, typically carbon black, are small hard particles and are used in bearing pads to 

modify the hardness and stiffness of the elastomer. Shear and compressive moduli increase, and 

the elongation at failure decreases as the amounts of filler added to an elastomer increase. Past 

studies (Cook & Allen, 2009; Muscarella & Yura, 1995) have shown that shear stiffness can vary 

with changes of compressive stress, shear rate, and temperature. In NCHRP Report 298, Stanton 

and Roeder (1982) presented a relationship that expressed shear stiffness dependency on 

compressive strain. The relationship considered the increased shear area, caused by bulging, and 

the decreased height due to compression. According to this relationship, the shear force required 

for a particular shear displacement increased with an increase in compression strain. The 

compression strain in a tapered pad is not uniform due to non-uniform elastomer layer thicknesses, 

which could result in different apparent shear moduli depending on direction of shear movement. 

A relationship for shear modulus dependence on direction of shear movement in tapered pads was 

not found in literature. Nevertheless, Muscarella and Yura (1995) observed that alignment of shims 

did not influence the shear modulus of a tapered bearing pad. 

Muscarella and Yura (1995) also studied the horizontal deflection and force generated in 

tapered pads under pure compression. Horizontal deflection (Δ𝐻) is generated in tapered bearing 

pads (Figure 2-10) due to non-uniform layer thickness of the pad and 𝑃-Δ effect. Conversely, if 

this horizontal deflection is restrained, then horizontal force is generated. The ratio of horizontal 

force (H) to the compression force (P) was found to be approximately 0.392 ⋅ 𝜃, where θ is the 

slope (%) of tapered pad (Equation (2-8)). 

𝐻

𝑃
= 0.392 ⋅ 𝜃 

(2-8) 

Muscarella and Yura reported that horizontal deflection was predicted using Equation (2-9).  

∆𝑡𝑜𝑡𝑎𝑙=
∆𝑖𝑛𝑖𝑡𝑖𝑎𝑙

1 −
𝑃

𝑃𝑐𝑟

 
(2-9) 
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In this equation, P is the applied compression load on the bearing pad, Pcr is critical buckling load 

for a bearing pad, and ∆𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial horizontal deflection. Critical buckling load is the 

compression load at which a bearing pads fail due to instability rather than material rupture. Initial 

horizontal deflection was calculated using the Equation (2-10) 

∆𝑖𝑛𝑖𝑡𝑖𝑎𝑙=
H ⋅  ℎ𝑟𝑡

𝐺 ⋅ 𝐴
  

(2-10) 

However, the error between predicted and actual horizontal deflections increased from ±15% to 

±50% as the number of shims increased from 3 to 6. Muscarella and Yura tested tapered pads with 

steel shims aligned either radially or horizontally (parallel). It was reported that pads with radial 

shim alignment produced 40% more horizontal displacement under pure compression load as 

compared to pads with parallel shim alignment. 

 

Figure 2-10 Horizontal deflection in tapered bearing pad under axial compression  

In prior studies, slipping was found to be one of the failure modes for bearing pads (Chen, 

1995; English et al., 1994; Fu and Angelilli, 2007). Fu and Angelilli (2007) and Muscarella and 

Yura (1995) conducted several field studies where bearing pads were found to ‘walk out’ primarily 

due to excretion of wax used in bearing pads manufactured from natural rubber. To avoid this 

problem, synthetic elastomers, such as neoprene, are instead predominantly used for 

manufacturing bridge bearing pads. Additionally, several researchers have found bearing pad 

slippage could be prevented if the shear stress was limited to one-fifth (0.2) of the compressive 

stress. That is, if the coefficient of friction between a bearing pad and the bearing surfaces was at 

least 0.2 (Muscarella and Yura, 1995; Pont, 1959; Stanton and Roeder, 1982), slip should not 

occur. 
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CHAPTER 3 

SPECIMEN MATRIX 

 

The configurations of the tapered pads tested in this study were developed by modifying 

elastomer thicknesses and shim orientations of standard flat pads. In Florida, various standard flat 

pad types are available for use in bridge construction (FDOT, 2016). Standard pads are labeled 

alphabetically (A, B, C, D, through K) and vary in terms of parameters including plan dimensions, 

thickness, shear modulus, number of shims and load carrying capacity. To evaluate the effect of 

taper on bearing pad characteristics with widely ranging parameters and to optimize this study, 

pad types E, F and K (Table 3-1) were selected. After selection, tapered versions of pad types E, 

F, and K were developed. In tests conducted by Muscarella and Yura (1995), bearing pads typically 

slipped at a shear strain equal to 1.5. During the test-planning phase, it was not known whether 

equipment at the FDOT structures research center had sufficient capacity to load standard FDOT 

pads to a shear strain of 1.5. Therefore, along with full-size (i.e., standard size) FDOT bridge 

bearing pads, half-size bearing pads of types E and F were also included in the specimen matrix to 

ensure that coefficient of frictions could be quantified. Each half-size bearing pad had a width 

equal to half that of the corresponding full-size (i.e. standard size) pad. 

Table 3-1 Standard bearing pad types selected for testing (FDOT, 2016) 

Bearing pad type 
Plan dimensions 

(Length in. x width in.) 
Shear modulus (ksi) 

Number of 

shims 

Full-size type E  10 x 32 110 3 

Full-size type F  10 x 32 110 4 

Full-size type K 12 x 32 150 6 

Half-size type E  10 x 16 110 3 

Half-size type F  10 x 16 110 4 
 

Three bearing pad manufacturers were contacted regarding fabrication of tapered bearing 

pads. Each manufacturer responded that taper in pads can be introduced by varying pad thickness 

from end to end of the pad in multiples of 1/8 in. or 1/16 in.; however, a preference for increments 

of 1/8 in was indicated. The manufacturers also noted that multiple layers of neoprene can be varied 

to create the desired tapered, and AASHTO M251 (2016) and FDOT (2018) fabrication tolerances 

would be followed in tapered pad fabrication. Based on the earlier work of Muscarella and Yura 

(1995), as well as discussions with current manufacturers of bearing pads, it was determined that 

taper would be incorporated into bearing geometry by changing the thickness of the pads in integer 

increments (N) of 1/8 in. (Figure 3-1). Accordingly, tapered pads were produced by modifying flat 

pad thicknesses in multiples of 1/8 in. along the length axis. The average thickness of each tapered 

pad was the same as the thickness of the original flat pad. Steel shims in tapered pads were aligned 

parallel to the bottom surface except for the top-most shim which was inclined such that the 

elastomer thickness above and below the shim was equal at any section transverse to the slope 

(Figure 3-1). 
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Figure 3-1 Bearing pad slope and shim configuration 

Proposed Guidelines for Pedestrian Facilities in the Public Right-of-Way (United States 

Access Board, 2011), section R302.5, specifies a maximum slope of 5% for pedestrian access 

routes on highways. Further, Muscarella and Yura (1995) recommended that taper be limited to a 

maximum of 5%. Accordingly, for the present study, Florida Department of Transportation 

(FDOT) standard (flat) bearing pad types E, F and K were modified to incorporate slopes with up 

to two increments (N) of 1/8 in. (maximum slope of 5%) as shown in Table 3-2. Appendix A 

provides detailed shop drawings for all bearing pad types that were tested. In the following text, 

each configuration of pad is assigned a name of the form “pad type-slope%”. For example, FDOT 

pad type E with a taper slope of 2.5% is assigned the name “E-2.5%”. As per the material 

certificates provided by the manufacturer, the properties of the elastomer and steel shims satisfied 

the material-related requirements specified by Florida test method 5-598 (FDOT, 2012) and 

AASHTO M251 specification (AASHTO M251-06, 2016). 

Table 3-2 Slope in tapered bearing pads 

Bearing pad type 
L (pad dimension parallel 

to direction of traffic) (in.) 

Slope (%) 

N = 0 N = 1 N = 2 

E  10 0 2.5 5.0 

F 10 0 2.5 5.0 

K 12 0 2.1 4.2 
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CHAPTER 4 

EXPERIMENTAL TEST SETUP 

 

An experimental test setup was designed to test a pair of matching bearing pads 

simultaneously and under different axial load levels. In general, the test setup consisted of a 

horizontally oriented hydraulic actuator (MTS, model 244.41) connected to a wide flange (W) 

steel section support at one end and to a middle plate assembly at other end (Figure 4-1a). The test 

setup further consisted of a stack of two bearing pads (of identical type), each inserted between 

the middle plate assembly and two steel bearing plates. To simulate typical field conditions, the 

bearing pads, middle plate assembly and steel plates were not mechanically connected, but instead 

relied solely on friction to transfer shear force between the pads and plates. A vertically oriented 

hydraulic actuator (Enerpac, model RR-40018) was used to load the top bearing plate to compress 

the pads. A horizontal actuator—connected to the middle plate assembly—was used to shear the 

pads at the interface between middle plate assembly and bearing pads. While shearing the pads, 

the axial load was maintained constant using a fine adjustment control on the vertical actuator 

operated by a technician. The axial load was maintained within approximately ±5 kip of the target 

load for each test. For tests involving tapered pads, the middle plate assembly was modified by 

inserting wedge plates with varying slopes (Figure 4-1b). Four square hollow structural section 

(HSS) steel ‘arms’ provided connections between the bearing plates (top and bottom) and the wide 

flange (W) section (Figure 4-1a). The assembly consisting of the four HSS sections and the 

horizontal actuator formed a self-reacting load frame within which the forces required to shear the 

pads remained internal to the load frame and did not generate horizontal reactions on the laboratory 

floor.  

The vertical elevations of the top and bottom HSS arms, along with the top and bottom 

bearing plates, were changed between tests to accommodate pad types with different thicknesses. 

The top and bottom arms had multiple connection points available on the wide flange section to 

accommodate different pad types (Figure 4-2). The top arm was engaged in one hole at a time on 

the wide flange section to create a pinned connection, and the bottom arm was engaged in two 

holes at the same time to create a rigid connection. After connecting the arms to their respective 

connection points for a pad type, and applying axial load, the top arm and horizontal actuator 

rotated such that both the arms and the horizontal actuator were in horizontal alignment. 

Simultaneously, the top bearing plate and the middle plate assembly rotated to maintain both pads 

in horizontal alignment. The elevation of the bottom bearing plate was adjusted for different pad 

types by inserting steel filler plates of appropriate thicknesses underneath the plate. Details of test 

setup fabrication are presented in Appendix B.  
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(a) 

 
(b) 

Figure 4-1 Test setup (shown configured for pad K-4.2%):  

(a) Isometric view; (b) Middle plate assembly  
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Figure 4-2 Exploded isometric view of test setup (shown configured for pad K-4.2%) 

A counterweight-balance mechanism was introduced in the setup to suspend (i.e., ‘float’) 

nearly all of the weight of the horizontal hydraulic (MTS) jack so as to minimize rotation of the 

middle plate assembly that would have been caused by self-weight of the MTS jack. Figure 4-3 

shows a schematic diagram of the counterweight-balance mechanism. Components of the 

mechanism included two 12 in. dia. x 48 in. long sonotubes, concrete fill, 0.5 in. dia. x 5 ft. long 

threaded rods, turnbuckles, 6x19 wire rope (¼ in. dia. x 100 ft. long), and suspension pulleys. 
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Figure 4-3 Schematic of counterweight-balance mechanism  

The HSS arms and the frame support end assembly were initially designed and fabricated 

using standard 1/16 in. oversized holes for inserting 1.25 in. diameter bolts. During initial bearing 

pad shear tests, the gaps between the bolts and oversized holes were found to cause small 

horizontal movements in the top HSS arms and the top steel bearing plate. These movements led 

to undesirable horizontal forces being exerted on the vertical actuator (Enerpac) and resulted in 

minor hydraulic oil leakage. Further testing in this manner could have posed the risk of damaging 

the actuator seals. To minimize the potential for damage to the vertical actuator, the test setup was 

retrofitted after about one-quarter of the total number of tests were performed. Note that the test 

data collected were not deemed to be affected by the retrofit. 

Part of the retrofit consisted of adding 4 in. x 3 in. x 1 in. thick steel plates to the ends of 

the upper HSS arms at the bearing pad end (Figure 4-4). Each retrofit plate included a 1.25-in. dia. 

(non-oversized) hole. The new plates were welded to the existing HSS end plates such that the 

1.25-in. dia. holes were concentric with the existing non-slotted oversized holes. Introduction of 

the retrofit plates minimized the gaps between bolts and holes at the bearing pad end of the setup, 

and in turn, minimized the horizontal movement of the top plate with respect to the top HSS arms.  
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Figure 4-4 HSS arm retrofit (bearing pad end) 

To reduce the movement of the top HSS arms with respect to the support end assembly, 

stainless steel tapered pins were fabricated to match the diameter of the existing holes (1.3125-in. 

diameter). The pins were held in place using clamping shaft collars (Figure 4-5). 

 

Figure 4-5 HSS arm retrofit (support end) 

In order to further isolate the base of the vertical actuator from any remaining horizontal 

movement of the top steel bearing plate, a 10 in. x 20 in. x 2 in. thick isolation bearing pad and 

one or two 1.5-in. thick steel plates were placed between the top steel bearing plate and the actuator 

base (Figure 4-6). During testing of E and F pads, two steel plates were used, and during testing 

of K-pads, one steel plate was used. The isolation (non-tested) bearing pad allowed the top plate 

to move in the horizontal plane without generating significant horizontal force on the vertical 

actuator. Figure 4-7 shows a photo of the test setup after completion of fabrication. Appendix C 

provides detailed fabrication drawings of the test setup, including the retrofit. 
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Figure 4-6 Isolate pad used in retrofit 

 

Figure 4-7 Completed bearing pad test setup  

(FDOT Structures Research Center, Tallahassee, Florida) 

Test instrumentation measured forces and displacements at various locations. Load cells 

integrated into the vertical actuator (Enerpac) and horizontal actuator (MTS) were used to measure 

axial and shear loads, respectively. Six laser displacement sensors (MTI Microtrak 3 Series, model 

LTS 300-200, labeled as ‘DX’ in Figure 4-8) were used to measure shear displacements of the top 

and bottom bearing plates relative to the middle plate assembly, thus enabling determination of 

shear deformations in the bearing pads. Shear displacement of the top pad was calculated as the 

relative difference between the average displacement of the top plate and the average displacement 

of the middle plate. Similarly, shear displacement of the bottom pad was calculated as the relative 

difference between the average displacement of the bottom plate and average displacement of the 

middle plate. Eight additional laser displacement sensors (MTI Microtrak 3 Series, model LTS 

300-200, labeled as ‘DZ’ in Figure 4-8b) were used to measure compression displacement in the 
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top and bottom bearing pads. The top plate and the middle plate had four DZ sensors connected 

on each. The average measurement of the four DZ sensors on top plate provided compression 

displacement in top pads, and the average measurement of the four DZ sensors on the middle plate 

provided compression displacement in the bottom pads. 

 

 
(a) 

 
(b) 

Figure 4-8 Laser sensors instrumentation plan:  

(a) Isometric view; (b) Elevation view 
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CHAPTER 5 

TEST PROCEDURES 

 

Experimental testing objectives included quantifying: axial and shear stiffnesses; 

horizontal deflections and horizontal forces in tapered pads under compression load; shear 

displacement at slip; and bearing pad frictional coefficients for various surface conditions and axial 

load levels. To achieve these objectives, test procedures were performed on at least one pair of 

pads of each type and slope. Appendix D provides a detailed test matrix, which includes the types 

of pads tested and a list of test procedures performed on each pad type. Appendix E provides plots 

of the data collected during each test. The procedures for testing bearing pads consisted of 

performing four load tests, which are described in the following sections. 

5.1 Axial stiffness test 

For determination of axial stiffness, bearing pads were axially loaded in increments of 

one-fifth of the maximum design load, and at a rate specified as per the procedure for compression 

testing in ASTM D4014 – 03 (ASTM International, 2018) Standard Specification for Plain and 

Steel-Laminated Elastomeric Bearings (Figure 5-1). The maximum load, selected to be the sum of 

dead and live loads, was determined from the FDOT Instructions for Design Standards (IDS) Index 

no. 20510: Composite Elastomeric Bearing Pads - Prestressed Florida-I Beams (FDOT, 2016). 

Each increment of load was applied over a range of time between 1.4 to 2.6 minutes in duration, 

and the load was maintained constant for 30 seconds between each increment.  

 

Figure 5-1 Loading for axial stiffness tests 
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5.2 Horizontal displacement test 

Tapered bearing pads displace in the horizontal direction when axial load is applied 

(Figure 5-2). This horizontal displacement was quantified for tapered pads by measuring the 

horizontal displacement of the middle plate assembly while applying axial load during the axial 

stiffness test procedure described in Section 5.1. To quantify horizontal displacement, the middle 

plate assembly was disconnected from the horizontal (MTS) actuator and allowed to deflect freely 

in the horizontal direction. 

 

Figure 5-2 Schematic of horizontal displacement in pads during testing 

5.3 Horizontal restraining force test 

When the horizontal displacement of tapered pads under axial load is prevented, a 

horizontal restraining force is produced by the pads. This horizontal restraining force was 

determined by applying axial load on pads while restraining horizontal displacement of the middle 

plate using the horizontal actuator in the test setup (Figure 5-3). Similar to the axial stiffness test, 

the axial load was applied at the rate specified as per the procedure for compression testing in 

ASTM D4014 – 03, but without the pauses. For time efficiency, this test was combined with shear 

stiffness and slip tests, and was performed during the axial loading ramp stage of these tests.  

 

Figure 5-3 Schematic of horizontal restraining force (𝐹𝐻) in pads during testing 

A load cell, integrated into the horizontal actuator, was used to measure the horizontal 

force. Two additional tests were performed on selected pads, in which the horizontal force was 

measured using rod end cells (REC15K), with higher accuracy compared to the load cell in 

horizontal actuator. These supplementary tests confirmed that the horizontal actuator load cell was 

capable of measuring forces with the accuracy necessary for this study.  



25 

5.4 Shear stiffness test 

The shear stiffness test included application of axial load, followed by shearing of the 

‘stack’ that consisted of two identical pads and the middle plate assembly (Figure 5-4). During 

each test, pads were shear loaded and released over six cycles in the negative shear direction, where 

the first five cycles of 𝛾 = 0.7 shear strain were used to condition the pads, and the sixth cycle of 

𝛾 = 0.5 shear strain was used to determine the shear stiffness (Figure 5-5). Note that, in this test 

setup, positive shear strain was defined as strain applied when the horizontal actuator piston was 

extended, and negative shear strain was defined as strain applied when the actuator piston was 

retracted. Select pairs of tapered bearing pads were also tested in the positive shear direction 

(Figure 5-6) to investigate whether the direction of shear loading (and deformation) would result 

in differences of pad shear stiffness. Both the test procedure and selection of shear strain levels 

were based on ASTM D4014 – 03 Standard Specification for Plain and Steel-Laminated 

Elastomeric Bearings for Bridges (ASTM International, 2018) and Florida method 5-598  of Test 

for Evaluation of Bearing Pads (FDOT, 2012). As per ASTM D4014 – 03, each cycle for testing 

shear stiffness was performed within a timeframe of 30 to 60 seconds. Figure 5-7 shows photos of 

pads K-0% and K-4.2% during shear testing. 

 

Figure 5-4 Schematic of shear stiffness test (negative shear strain shown) 



26 

 

Figure 5-5 Negative shear strain loading and release cycles for shear stiffness test 

 

Figure 5-6 Positive shear strain loading and release cycles for shear stiffness test 
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(a) (b) 

Figure 5-7 Pads under negative shear strain loading: (a) Pads K-0%; (b) Pads K-4.2% 

During the shear tests, a constant axial load was maintained on the pads by monitoring and 

adjusting the vertical actuator. Minimum and maximum axial load levels were determined for each 

bearing pad type, where the minimum axial load represented bridge dead load acting on the pads, 

and the maximum load represented the sum of dead and live loads on the pads. These axial load 

levels (Table 5-1), were determined from the FDOT Instructions for Design Standards (IDS) Index 

no. 20510: Composite Elastomeric Bearing Pads - Prestressed Florida-I Beams (FDOT, 2016). 

Shear stiffnesses were measured at both minimum and maximum axial load levels.  

Table 5-1 Minimum and maximum axial loads selected for testing 

Pad type Size Minimum axial load (kip) Maximum axial load (kip) 

E Full 110 380 

F Full 140 440 

K Full 390 590 

E Half 55 190 

F Half 70 220 

 

5.5 Slip test  

Slip tests were performed in two stages—shear loading stage, and axial unloading stage—

to determine shear displacement (or strain) at slip, and the coefficient of friction, respectively. In 

the shear loading stage of each slip test, the bearing pads were sheared at a target displacement 

rate of 0.001 in/sec, under constant axial load, until the pads were considered to have slipped 

(Figure 5-8). Pads were considered to have slipped, and slip tests were terminated, when the rate 

of change in shear force required to shear the pad dropped to approximately 0.001 kip/sec. The 

axial load was kept constant by continuously monitoring and adjusting of the vertical actuator. 
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Figure 5-8 Shear displacement ramp during the shear loading stage in slip test 

At the end of the shear loading stage, the middle plate assembly and horizontal actuator 

were fixed in the latest position, and the axial unloading stage was initiated after the force in the 

horizontal actuator had stabilized. (Horizontal force was assumed to have stabilized when the rate 

of change in force dropped below 0.015 kip/sec). During the axial unloading stage, axial load was 

gradually decreased in order to quantify the coefficient of friction (𝜇). The axial unloading load 

rate was the same as the axial loading rate, determined as per ASTM D4014 – 03. The shear force 

acting on the bearing pads (measured by the horizontal actuator load cell) was continuously 

recorded during release of the axial load. The coefficient of friction was determined as the ratio of 

shear force to axial force at the point when slip was determined to have occurred. (The procedures 

used to determine the occurrence of slip are detailed later in this report.) 

Slip tests were performed on every type of pad (recall Table 3-1) under dry steel and dry 

concrete surface conditions. Slip tests were also performed on selected types of pads under wet 

steel and wet concrete surface conditions. To produce the wet steel surface condition, the steel 

surfaces on the middle plate assembly in contact with the bearing pads were saturated with water 

using wet paper rags (Figure 5-9a). Similarly, the bearing pad surfaces, which were in contact with 

the middle plate assembly, were saturated with water using wet paper rags (Figure 5-9b). The wet 

concrete surface condition was produced by saturating the concrete surface of the middle plate 

assembly under wet burlap for at least 12 hours before the testing day (Figure 5-10), followed by 

application of additional water using wet paper rags before each wet condition test. Slip tests were 

performed at both the minimum or maximum axial load levels, and were performed for all pad 

types in the negative shear strain direction. Select pads were also tested for slip in the positive 

shear direction to evaluate the effect of shear direction on slip behavior of tapered pads. 
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(a) (b) 

Figure 5-9 Wet conditioning of: (a) steel surface; (b) pad surface 

  
(a) (b) 

Figure 5-10 Wet conditioning of concrete surface plate: (a) wet burlap placed on the concrete 

surface; (b) concrete surface after saturation 
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CHAPTER 6 

TEST RESULTS 

 

Data collected during experimental testing was analyzed to determine tapered bearing pad 

characteristics including axial stiffness, shear stiffness, horizontal displacement and restraining 

force under compression, shear displacement at slip, and coefficient of friction. The following 

subsections describe in detail analysis procedures used, and results obtained, for the different pad 

characteristics. Appendix E provides plots of data collected during each bearing pad test. 

6.1 Axial stiffness test data 

Axial stiffness test data consisted of axial force (𝐹) applied on the bearing pads and the 

resulting compression in pads (𝛿) (Figure 6-1). Data corresponding to only the loading part of the 

test were extracted for each test. For example, Figure 6-2a shows the complete (loading and 

unloading) data for pad E-2.5% test 57A and Figure 6-2b shows only the loading data for test 57A. 

Data for top and bottom pads were averaged for each test and the average was used for further 

analysis. 

 

Figure 6-1 Compression of bearing pad 

  
(a) (b) 

Figure 6-2 Axial stiffness test data for full-size pad E-2.5%:  

(a) load and unloading parts; (b) only loading part 

The initial slope of the data for each axial stiffness test was lower than the slope of the 

overall linear curve fit (for example see Figure 6-3a). The lower initial slope was due to 

experimental take up in the test setup which corresponded to closing of gaps between different 
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parts of the setup. Data corresponding to the initial take up stage was removed prior to calculating 

axial pad stiffness. To remove the initial take up data, a reference slope was first calculated as the 

best (least square error) linear curve fit to the loading stage data ranging from one-half of maximum 

axial load to maximum axial load (i.e. the last half of the data set). For example, in Figure 6-3a, 

the reference slope based is 4143 kip/in. Next, over several iterations, successive linear curve fits 

were computed for the entire loading stage data set, but with incrementally larger portions of the 

initial data removed at each iteration. Once the slope of the fit was within 1% of the reference 

slope, removal of initial take up data ended. Figure 6-3 shows an example of this procedure. At 

each iteration, after removing initial take up data, the remaining data were shifted along x-axis 

such that the linear curve fit of the data would pass through the origin (Figure 6-4). This procedure 

was carried out repeatedly using data from every axial stiffness test. 

  
(a) (b) 

 
(c) 

Figure 6-3 Removal of initial data for a full-size pad E-2.5% test 57A:  

(a) Iteration 1; (b) Iteration 2; (c) Iteration 3 
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Figure 6-4 Processed axial stiffness data for full-size pad E-2.5% test 57A 

The processed axial stiffness test data were then analyzed to study the effect of taper on 

axial stiffness of pads with different characteristics. The axial stiffness (kip/in) of elastomer layers 

in a bearing pad can be approximated using Eqs. 6-1, 6-2 and 6-3 (Stanton et al., 2004). 

𝑘𝑛 =
𝑙 ⋅ 𝑤

ℎ𝑟𝑛
⋅ 3 ⋅ 𝐺(1 + 𝐵𝑎𝑆2) (6-1) 

𝐵𝑎 = (2.31 − 1.86 ⋅ ) + (−0.90 + 0.96 ⋅ ) ⋅ (1 − min (
𝑤

𝑙
,

𝑙

𝑤
))

2

 (6-2) 

 = 𝑆 ⋅ √
3𝐺

𝐾
 (6-3) 

Where, 𝑘𝑛, ℎ𝑛, 𝑙, 𝑤 and 𝑆 are axial stiffness, thickness, length (excluding side cover), width 

(excluding side cover) and shape factor of the 𝑛𝑡ℎ elastomer layer in a pad, 𝐾 and 𝐺 are the shear 

and bulk modulus respectively of elastomer material, 𝐵𝑎 is an empirical constant and 𝜆 is the 

compressibility index. A value of 200 ksi for 𝐾 was used as recommended by Gent (2012) and 

Harper and Consolazio (2013). Eqs. 6-1 to 6-3 are applicable to flat, uniform thickness elastomer 

layers.  

In order to include the influence of slope on axial stiffness of a tapered elastomer layer, 

Eqs. 6-1 and 6-2 were modified to Eqs. 6-4 and 6-5, respectively.  

𝑘𝑛 = (1 − 𝛼𝑛)
𝑙 × 𝑤

ℎ𝑟𝑛
⋅ 3𝐺(1 + 𝐵𝑎𝑆2) (6-4) 
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𝐵𝑎 = 1 + (2 ⋅ ) ⋅ (1 − min (
𝑤

𝑙
,

𝑙

𝑤
))

2

 (6-5) 

In Eq. 6-4, the term 𝛼 was added to account for the influence of taper angle Φ𝑛 (radians) 

in a tapered elastomer layer. Note that Φ𝑛 is half of the total taper angle of pads (𝜃 radians) as 

defined in this report. Further, Eq. 6-2 was modified into Eq. 6-5 to include empirical terms 𝜔1 

and  𝜔2 which are applicable for both flat and tapered elastomer layers. Values of the empirical 

constants 𝛼,  𝜔1 and  𝜔2  were obtained by optimizing (minimizing) the error between 

Eqs. 6-4 and 6-5 and the processed data from all axial stiffness tests. By solving for the constants 

𝛼,  𝜔1 and  𝜔2 that minimized the cumulative (or ‘global’) error across all available axial stiffness 

tests, a generalized fit to the data was obtained. This is in contrast to individually fitting 𝛼,  𝜔1 and  

𝜔2 to each test, then attempting to compute averaged values of these constants. This latter approach 

would have resulted in a less accurate representation of the global set of data collected during axial 

stiffness testing, and would not have produced a fit that generalized well across various 

combinations of pad geometric parameters (dimensions, slope) or properties. 

The global optimization (i.e., error minimization) process used to obtain the generalized fit 

for axial stiffness involved, as a starting point, the calculation of axial stiffness of each pad using 

Eq. 6-6 (elastomer layers in series):  

𝑘𝑝𝑎𝑑 = 1 (∑
1

𝑘𝑖

𝑛

𝑖=0

)⁄  (6-6) 

Axial force (𝐹) was then calculated for varying axial compression (𝛿) values using Eq. 6-7: 

𝐹 = 𝑘𝑝𝑎𝑑 × 𝛿 (6-7) 

and compared with 𝛿 values from the processed axial stiffness data for every test. Using an iterative 

process, the root mean square (RMS) error between the calculated and experimentally measured 

values of 𝐹 for all tests was determined for varying values of empirical constants 𝛼,  𝜔1 and  𝜔2. 

After optimization, values of the generalized empirical constants, which produced the minimum 

RMS error, were determined (Table 6-1). Based on the value of 𝛼, every percent increase in taper 

angle will reduce the axial stiffness of a tapered elastomer layer by a factor of 0.21 compared to 

the stiffness of a flat layer with the same average thickness and plan view dimensions. Note that, 

based on the value of 𝛼, Eq. 6-4 is valid for values of 𝑛 between 0% and 4.76% because that is 

the range of slopes which were tested. 

Table 6-1 Optimized values of the empirical constants 

Empirical constant Value 

𝛼 0.21 

𝜔1 1.62 

𝜔2 -3.83 
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The axial stiffness of each pad type was calculated using the optimized values of empirical 

constants and Eqs. 6-4 – 6-6. In Table 6-2, these calculated axial stiffness values were compared 

to the average axial stiffness values experimentally measured for each pad type. Note that the 

experimentally measured axial stiffness for each test was determined as the linear curve fit slope 

of the processed test data. The average of percentage difference between calculated and measured 

stiffness with respect to measured stiffness presented in Table 6-2 was approximately -2%. 

Table 6-2 Comparison of calculated and measured axial stiffness 

# 
Pad 

type 

Slope (%) Size Calculated 

stiffness 

(kip/in) 

Measured 

stiffness 

(kip/in) 

% difference between 

calculated and 

measured stiffness 

1 

E 

  

0 Half 2245 2096 7 

2 0 Full 4554 5680 -20 

3 2.5 Half 2184 2014 8 

4 2.5 Full 4309 4330 0 

5 5 Half 1678 1384 21 

6 5 Full 3289 4338 -24 

7 

F 

0 Half 1560 1636 -5 

8 0 Full 3261 4385 -26 

9 2.5 Half 1531 1641 -7 

10 2.5 Full 3133 3940 -20 

11 5 Full 2557 3094 -17 

12 

K 

0 Full 4195 3855 9 

13 2.1 Full 4155 3275 27 

14 4.2 Full 3776 3272 15 

 

6.2 Horizontal displacement test data 

Horizontal displacement data consisted of horizontal pad displacements (Δ𝑠) measured as 

axial pad force was increased (Figure 6-5). For example, Figure 6-6 shows the loading portion of 

horizontal displacement test data collected for full-size pad E-2.5%. Horizontal displacement was 

determined to be a function of three key factors: axial force (𝐹 in kip), bearing pad shear stiffness 

(𝑘𝑠 in kip/in) and bearing pad taper angle (𝜃 in radians).  

 

Figure 6-5 Schematic of horizontal displacement in pads during testing 
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Figure 6-6 Measured horizontal displacement data for full-size pads E-2.5% 

In order to quantify horizontal displacement based on these three factors, Eq. 6-8 was used:  

∆𝑠 =
𝛼ℎ𝑑 ⋅ 𝐹 ⋅ 𝜃

𝑘𝑠
 (6-8) 

where 𝛼ℎ𝑑 is a horizontal displacement fitting parameter. The shear stiffness, 𝑘𝑠, was calculated 

using Eq. 6-9, where 𝐺𝑒𝑓𝑓 is effective shear modulus. 𝐺𝑒𝑓𝑓, calculated using Eq. 6-10, varied based 

on the applied axial force and buckling load for a pad (Gent, 1964; Muscarella & Yura, 1995).  

𝑘𝑠 =
𝐴𝑠𝐺𝑒𝑓𝑓

ℎ𝑟𝑡
 

(6-9) 

𝐺𝑒𝑓𝑓 = 𝐺0 (1 −
𝑃

𝑃𝑐𝑟
) 

𝐺𝑒𝑓𝑓 = 𝐺0 − 𝑃 (
𝐴𝑠

2
{√1 +

12𝐼𝑓𝑟

𝐴𝑠
(

𝜋

ℎ𝑟𝑡
)

2

− 1})

−1

 

(6-10) 

Where 𝜙 is the total bearing pad thickness divided by the total elastomer thickness (ℎ𝑟𝑡), 𝐴𝑠 is the 

pad shear area, 𝑓𝑟 is the ending stiffness coefficient (Eq. 6-11), 𝑆 is shape factor, and 𝐺0 is the 

shear modulus under zero axial compression. 

𝑓𝑟 = 1 − 0.575 𝑆2 (6-11) 
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Horizontal displacement data were corrected for slip that occurred between the pad and the 

middle plate during testing. Total slip was determined as the residual horizontal displacement in 

the pad after unloading the axial force. For example, Figure 6-7 shows that for the test 57B of full-

size pad E-2.5%, the total slip of the bottom pad was 0.2 in. Therefore, based on the assumption 

that maximum slip occurred at maximum axial load, the corrected displacement for this pad at 

maximum axial force of 590 kip was 0.3 in. (0.5 in. – 0.2 in.). The measured horizontal 

displacement at each level of axial force 𝐹, i.e. Δ𝑠(𝑎𝑡 𝑎𝑥𝑖𝑎𝑙 𝐹)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, was then linearly 

corrected using Eq. 6-12.  

Δ𝑠(𝑎𝑡 𝑎𝑥𝑖𝑎𝑙 𝐹)𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = Δ𝑠(𝑎𝑡 𝑎𝑥𝑖𝑎𝑙 𝐹)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ⋅ (
Δ𝑠(𝑎𝑡 𝑚𝑎𝑥. 𝑎𝑥𝑖𝑎𝑙)𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

Δ𝑠(𝑎𝑡 𝑚𝑎𝑥. 𝑎𝑥𝑖𝑎𝑙)𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
) (6-12) 

Figure 6-8 presents corrected horizontal displacements for the full-size E-2.5% pad. 

Similar corrections were performed for all other horizontal displacement test data. 

 

Figure 6-7 Original horizontal displacement (loading and unloading) data for full-size pads 
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Figure 6-8 Corrected horizontal displacement data for full-size pads E-2.5% 

Eq. 6-8 was globally optimized using the corrected horizontal displacement data from all 

suitable tests to compute the value of generalized fitting parameter 𝛼ℎ𝑑. The globally optimized 

value of 𝛼ℎ𝑑 was determined to be 0.5. In summary, horizontal displacement was found to be 

directly proportional to axial force and pad taper angle, and inversely proportional to the shear 

stiffness of a pad. Eq. 6-13 provides the equation for determining horizontal displacement (∆𝑠) in 

a pad with slope 𝜃 (radians) and under axial force (𝐹). Figure 6-9 compares the best generalized 

fit curve Eq. 6-13 to the full-size pad E-2.5% horizontal displacement data. 

∆𝑠 =
0.5 ⋅ 𝐹 ⋅ 𝜃

𝑘𝑠
 (6-13) 
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Figure 6-9 Comparison of corrected horizontal displacement data for  

full-size pads E-2.5% and generalized curve fit (Eq. 6-13) 

6.3 Horizontal restraining force test data 

Horizontal restraining force data consisted of horizontal restraining force (𝐹𝐻) generated 

by pads under increasing axial force (𝐹) when restrained against horizontal movement 

(Figure 5-3). In Figure 6-11, example horizontal restraining force test data for full-size pad E-2.5% 

are presented. Horizontal force (𝐹𝐻) was determined to be a function of axial force (𝐹 in kip) and 

bearing pad taper angle (𝜃 in radians).  

 

Figure 6-10 Schematic of horizontal restraining force (𝐹𝐻) in pads during testing 
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Figure 6-11 Measured horizontal restraining force data for full-size pads E-2.5% 

In order to quantify horizontal restraining force based on these two factors, Eq. 6-14 was 

used. Constant 𝛼ℎ𝑓 was the fitting parameter was used to minimize the global error between 

measured data and the generalized Eq. 6-14. 

𝐹𝐻 = 𝛼ℎ𝑓 ⋅ 𝐹 ⋅ 𝜃 (6-14) 

Based on the Eq. 6-14, horizontal restraining force is assumed to be zero for flat pads where 

the slope angle (𝜃) is zero. However, due to minor misalignments and eccentricities in the test 

setup, some horizontal restraining force was measured even when flat pads were tested. The 

magnitude of horizontal restraining force that was caused by misalignments was assumed to be 

constant for each pad type, irrespective of taper angle. Therefore, measured horizontal restraining 

force for a tapered pad was corrected using the average horizontal force measured for the 

corresponding flat pad. For example, Figure 6-12 shows the average horizontal force for flat E 

pads, calculated as average of all tests. Figure 6-13 shows corrected horizontal force readings for 

tapered pads E-2.5% after subtracting average horizontal force obtained from flat pad E test data. 

Similar corrections were applied for all tapered pads. 

After globally minimizing the differences between Eq. 6-14 and the corrected horizontal 

force data from tests of all pads, the generalized value of fitting parameter 𝛼ℎ𝑓 was found to be 

0.5. In summary, horizontal restraining force (𝐹𝐻) was found to be directly proportional to axial 

force (𝐹) and pad taper angle (𝜃). 
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Figure 6-12 Measured horizontal force data for full-size pads E-0% and average of all tests 

 

Figure 6-13 Corrected horizontal restraining force data for full-size pads E-2.5% 

Eq. 6-15 provides the equation for determining horizontal restraining force (𝐹𝐻) for a pad 

with slope 𝜃 (radians) and under axial force (𝐹). Figure 6-14 compares the generalized curve fit 

plotted using Eq. 6-15 to full-size pad E-2.5% horizontal displacement test data. 

𝐹𝐻 = 0.5 ⋅ 𝐹 ⋅ 𝜃 (6-15) 
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Figure 6-14 Comparison of corrected horizontal restraining force data for full-size pads E-2.5% 

to generalized curve fit (Eq. 6-15) 

6.4 Shear stiffness test data 

Shear stiffness test data consisted of shear forces (𝐹𝑉) that were generated in pads when 

shear strains (𝛾) or shear displacements (Δ) were imposed (Figure 6-15). An example of such data 

is shown in Figure 6-16 for full-size pad E-2.5%. In the figure, the abscissa, i.e., shear 

displacement (Δ), is the product of shear strain (𝛾) and the average total elastomer thickness of 

each pad E-2.5%. 

 

Figure 6-15 Schematic of shear displacement in pads during shear test 
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Figure 6-16 Measured shear stiffness test data for full-size pads E-2.5% 

Pad shear stiffness (𝑘𝑠) was determined as the linear curve fit (minimum RMS error) to the 

test data obtained from the last shear strain loading cycle (Figure 6-17), i.e. after completion of 

conditioning cycles to minimize the Mullins effect. Shear stiffnesses determined from negative 

strain cycle data were denoted the ‘downhill’ shear stiffnesses and stiffnesses determined using 

positive strain cycle data were denoted ‘uphill’ shear stiffnesses. These terms refer to the pad and 

girder combination presented in Figure 6-18 where girder motion to the left would be denoted 

downhill shear, and girder motion to the right would be denoted uphill shear. Shear stiffnesses 

were quantified for all tapered pads and corresponding flat pads. The theoretical shear stiffness 

(kip/in) of each pad was calculated using Eq. 6-16: 

𝑘𝑠 =
𝐴𝑠𝐺

ℎ𝑟𝑡
 (6-16) 

where 𝐴𝑠, 𝐺, and ℎ𝑟𝑡 are the shear area, shear modulus, and total elastomer thickness for the pad, 

respectively. The average percentage differences between theoretical shear stiffness and measured 

shear stiffness (determined using shear stiffness test data) were 4%, 10%, and 42% for pad types 

E, F, and K, respectively (in each case, the measured shear stiffness was smaller than theoretical).  
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(a) (b) 

Figure 6-17 Example of processing data for downhill shear stiffness determination (pad E-

2.50%) (a) Original data; (b) Data from only the last loading cycle, and linear curve fit 

 

 
(a)      (b) 

Figure 6-18 Shear direction: (a) Downhill; (b) Uphill 

Differences between theoretical and measured shear stiffnesses increased as the total 

elastomer thickness increased. The fact that the experimentally determined shear stiffnesses were 

smaller than the corresponding theoretical shear stiffnesses was attributed to slip between the pads 

and the steel surfaces on the middle plate assembly. Slip in pads during shear stiffness testing, and 

the correction that was used to account for such slip, is explained using the example of K-4.2% 

pad data as follows. Figure 6-19 presents the six cycles of shear force and shear displacement that 

were applied to the K-4.2% pads. The bold dashed line indicates the shear force (horizontal force) 

in K-4.2% pads that was produced under pure compression (𝐹) and at zero shear strain (𝛾). Since 

the shear stiffness (𝑘𝑠) was calculated from the last cycle, the slip was also determined for the last 

cycle. As seen from Figures 6-20 and 6-21, at stages 1 and 3, the bearing pads had shear force 

corresponding to shear force under pure compression (indicated by bold dashed line in 

Figures 6-20). In other words, the bearing pads had zero strain at stages 1 and 3.  

However, shear displacements (D1 and D2) in pads at stages 1 and 3 were different. The 

difference between D1 and D2 was attributed to slip that occurred in pad during the last cycle. 
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This slip was assumed to occur linearly from stage 1 to stage 2. Displacement data were then 

corrected by subtracting the linearly varying slip. Such correction was applied to all shear stiffness 

test data. After applying the correction, the average percentage differences between theoretical 

shear stiffness and measured shear stiffness were 13%, 4%, and 25% for pad types E, F, and K 

respectively. 

  

Figure 6-19 Shear stiffness test cycles for pads K-4.2% 
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Figure 6-20 Last cycle of shear stiffness for pads K-4.2% 

 

Figure 6-21 Stages in the last cycle of shear stiffness test  

(Note: values shown here correspond to a test for pads K-4.2%) 
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After the slip correction procedure was applied to the test data, a generalized equation for 

pad shear stiffness was fitted as Eq. 6-17, but minimizing the RMS error across the entire global 

set of data collected: 

𝑘𝑠 =
𝛼𝑠𝐴𝑠𝐺𝑒𝑓𝑓

ℎ𝑟𝑡
 (6-17) 

where 𝛼𝑠 was the fitting parameter. In Eq. 6-17, effective shear modulus (𝐺𝑒𝑓𝑓, Eq. 6-10 ) was 

used instead of shear modulus (𝐺) for improved accuracy. On optimizing Eq. 6-17, the value of 𝛼𝑠 

was determined to be 1.25. In Table 6-3, shear stiffness values calculated using Eq. 6-17 are 

divided by (i.e. normalized with respect to) the downhill shear stiffness of the corresponding flat 

pad at each axial load level (denoted as the ‘normalizing shear stiffness’). 

 

 Table 6-3 Normalized shear stiffness data 

Pad type 

| Shear 

modulus  

(psi) 

Size 

Total 

elastomer 

thickness 

(in.) | 

Number 

of shims 

Normalizing 

shear 

stiffness 

(kip/in) 

[At low 

axial load] | 

[At high 

axial load] 

Slope 

(%) 

Normalized shear stiffness  

At low axial load At high axial load 

Uphill Downhill Uphill Downhill 

E | 110 

Half 

1.5 | 3 

13.2 | 12.6 

0 0.92 1.00 0.97 1.00 

2.5  1.01  1.07 

5.0    0.58 

Full 25.9 | 25.5 

0 0.91 1.00 0.94 1.00 

2.5 0.84 0.90 0.90 1.02 

5.0   1.15 
 

1.17 

F | 110 

Half 

2 | 4 

10.2 | 9.9 

0 0.83 1.00 0.95 1.00 

2.5  0.87  1.01 

5.0     

Full 20.5 | 21.5 

0 
 

1.00 0.77 1.00 

2.5 0.90 0.77 0.86 0.80 

5.0 0.77 0.84 0.85 0.81 

K | 150 Full 3 | 6 12.3 | 13.6 

0   1.00 
 

1.00 

2.1   1.37 
 

1.23 

4.2   1.08 
 

0.93 

 

Figure 6-22 presents the shear stiffnesses of pads with taper slopes between 0% (flat) and 

5%. Table 6-4 presents the average change in shear stiffness of tapered pads compared to the 

corresponding flat pads, and the average change in shear stiffness due to changing from minimum 

to maximum axial load. Specific values of the axial load levels are reported in Table 5-1. The 

results presented in Table 6-4 indicate that the shear stiffness of bearing pads changed by no more 
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than 15% from the stiffness of comparable flat pads as the result of introducing taper slope. Further, 

the shear stiffnesses of bearing pads at high axial load level did not differ significantly from the 

corresponding shear stiffnesses at low axial load level for each pad type tested. For tapered pads, 

the uphill shear stiffnesses were, in general, found to be smaller than the downhill shear stiffnesses, 

but differed by less than 10%. As expected, the shear stiffnesses of pads, both flat and tapered, 

were found to decrease as the average total elastomer thickness increased. For example, shear 

stiffness decreased by a factor of 2.0 as the total elastomer thickness increased by a factor of 2.0 

from pad E-0% to pad K-0%. Also as expected, the shear stiffness of half-size pads was found to 

be approximately half the shear stiffness of full-size pads as shown in the Figure 6-22. 

 

 

Figure 6-22 Effect of taper slope on shear stiffness 

Table 6-4 Average change in shear stiffness due to introduction of taper slope and change in 

axial load level from minimum to maximum 

Pad Type 

Average change (%) in stiffness due to: 

Taper slope 
Change in axial load level 

from minimum to maximum 

E 10.28 1.57 

F -8.65 4.66 

K 14.86 1.37 

 

 

6.5 Slip test data 

Slip tests were performed in two stages to determine: 1) the shear displacements and shear 

strains at slip, and 2) to determine the coefficient of friction for tapered pads under minimum and 

maximum axial load levels (recall Table 5-1). Stage 1 focused on determining the shear strain (𝛾) 

at which slip occurred (for comparison to AASHTO design requirements), and involved gradually 

increasing shear loading on the pads. Stage 2 focused on determining the coefficient of friction (𝜇) 

between the pads and various types of surfaces (steel, concrete, dry, wet), and involved gradually 
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decreasing the axial load on the pads. The following subsections discuss the results obtained from 

each stage of slip testing.  

6.5.1 Stage 1: Shear strain at slip 

In Stage 1 of each slip test, shear displacement and shear strain at slip were determined 

using the measured data. Theoretically, slip occurs when there is relative sliding motion between 

the surface of the pad and the surface (steel or concrete) that is being tested. In terms of 

experimental measurements and observations, the occurrence of slip is indicated by increasing 

relative displacement (between the plates positioned above and below the pad) with no further 

increase in measured shear force. That is, slip should result in the rate of change of measured shear 

force being zero, even though relative displacement continues increasing between the top and 

bottom surfaces of the pad. However, based on an inspection that measured data and videos 

recorded during various slip tests, it was determined that slip occurred when the rate of change in 

shear force dropped below approximately 0.005 kip/in. Two video-based methods were used to 

determine the time (or ‘timestamp’) at slip, and the rate of change in shear force at slip.  

In the first method, the video playback speed was increased one hundred times (100x), 

thereby making the onset of slip visually identifiable (Figure 6-23). The time of slip was 

determined from each video as the instant after which shear deformation in the bearing pad 

remained constant even though the middle plate continued being displaced. Knowing the time at 

which slip occurred (determined from the video), the rate of change in shear force was then 

determined from the measured force data, and was found to be approximately 0.005 kip/sec.  
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(a) 

  
(b) 

Figure 6-23 Snapshots of video for slip test of pad F-0% under wet steel surface condition:  

(a) at time zero; (b) at slip 

In the second method, the test videos were processed using the motion analysis software 

ProAnalyst (Xcitex, 2017). In ProAnalyst, visually identifiable features on bearing pad and middle 

plate assembly were tracked to quantify the horizontal displacement of each. Figure 6-24 presents 

example features that were tracked, and the paths of those features as determined by ProAnalyst 

for pad F-0% under the wet steel surface condition. Using the tracked feature paths, the relative 

displacement between the middle plate and the pad F-0% was then calculated and plotted versus 

time (Figure 6-25). Tangents that were constructed for the initial and final parts of each 

displacement versus time curve (Figure 6-25) indicated different slopes, and thus different slip 

speeds. Note that in this context, speed = slope = (increment of displacement) / (increment of time).  
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(a) 

 

(b) 

Figure 6-24 Detection of slip using the ProAnalyst software:  

(a) tracked features; (b) tracked paths of features 

The non-zero slope of the initial tangent, which could—incorrectly—be interpreted as 

apparent slip between the pad and the middle plate, was instead attributed to the influence of 

optical distortion (visual perspective) in processing the two-dimensional (2D) video. However, at 

a certain point in time during each test, a distinct change in apparent relative speed occurred, which 

was evidenced by a change in slope. The slope of the tangent corresponding to the final part of the 

displacement versus time curve was significantly greater than the initial slope. Despite the 

influence of perspective distortion, it was possible to identify the onset of slip based on the 

observed change of slope. The intersection of the tangents was used to determine the time of slip. 

For the pad F-0% wet steel surface slip test, this intersection point was in close agreement to the 

slip point determined using the first method noted above (visual inspection of video sped up by 

100x). Similar slope changes were observed for two other tests (Figure 6-26 and Figure 6-27) with 

similar agreement between method one and method two slip determination. Based on this 

agreement, it was determined that, for the pads tested in this study, slip was associated with the 

rate of change of shear force dropping below 0.005 kip/sec. 
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Figure 6-25 Relative displacement of middle plate with respect to pad F-0% under low axial load 

with wet steel surface condition, as determined using motion analysis software ProAnalyst  

 

Figure 6-26 Relative displacement of middle plate with respect to pad F-0% under high axial 

load with wet steel surface condition, as determined using motion analysis software ProAnalyst 
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Figure 6-27 Relative displacement of middle plate with respect to pad K-4.2% under high axial 

load with dry concrete surface condition, as determined using motion analysis software 

ProAnalyst 

Defining slip as the point at which the rate of change in measured shear force dropped to 

0.005 kip/sec (or below), the shear displacement at slip was determined for all tested pads. 

Tables 6-5 – 6-9 provide shear strain ((shear displacement)/(average total elastomer thickness)) at 

slip for each pad type under different surface conditions and axial load levels. As per AASHTO 

LRFD Bridge Specifications §14.7.5.3.2 (AASHTO, 2017), bearing pads must be designed to 

perform without slip up to a shear strain (𝛾) of 0.5. Therefore, in Tables 6-5 – 6-9, shear strains 

less than 0.5 are shaded to indicate pads that did not satisfy the AASHTO slip criterion. 

 For steel surface conditions, both dry and wet, Tables 6-5 – 6-7 indicate that tapered pads 

did not satisfy the AASHTO slip criterion. In the cases of full-size pad types E and F, the minimum 

shear strain before slip on steel surface conditions (under either minimum or maximum axial load) 

was 0.2. However, the thicker pad type K, in some steel surface cases, slipped at zero shear strain 

(i.e., under pure axial compression).  

In contrast, for concrete surface conditions, both dry and wet, tapered pads satisfied the 

AASHTO criterion by achieving a shear strain 𝛾 of 0.5 before slip. Furthermore, for some concrete 

surface condition cases, pads did not slip even after achieving a shear strain 𝛾 of approximately 

1.0. Such tests were terminated to conserve time, and are marked with a ‘*’ in Table 6-8 – 6-9.  
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Table 6-5 Shear strain (𝛾) at slip under dry steel surface condition (half-size pads) 

Slope Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 No test No test 0.18 0.15 No test No test 

2.5/2.1 0.42 0.37 0.35 0.23 No test No test 

5/4.2 0.33 0.33 No test No test No test No test 
Shaded cells indicate cases for which the AASHTO shear strain requirement of 𝛾 > 0.5 was not satisfied. 

Table 6-6 Shear strain (𝛾) at slip under dry steel surface condition (full-size pads) 

Slope Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 0.53 0.70 0.43 0.70 0.50 0.50 

2.5/2.1 0.33 0.33 0.45 0.35 0.20 0.12 

5/4.2 0.53 0.47 0.40 0.50 0.13 0.00 
Shaded cells indicate cases for which the AASHTO shear strain requirement of 𝛾 > 0.5 was not satisfied. 

Table 6-7 Shear strain (𝛾) at slip under wet steel surface condition (full-size pads) 

Slope Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 0.27 0.40 0.40 0.65 0.32 0.37 

2.5/2.1 0.37 0.27 0.35 0.30 No test 0.00 

5/4.2 0.20 0.20 0.45 0.20 No test 0.00 
Shaded cells indicate cases for which the AASHTO shear strain requirement of 𝛾 > 0.5 was not satisfied. 

Table 6-8 Shear strain (𝛾) at slip under dry concrete surface condition (full-size pads) 

Slope Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 1.27 1.60 1.40* 0.98* 1.03* 0.92 

2.5/2.1 1.53* 1.47 1.05 1.50* 1.07* 0.73 

5/4.2 1.00 1.67* 0.63 1.35* No test 0.83 
*Pad did not slip, slip test was terminated to conserve time 

 

Table 6-9 Shear strain (𝛾) at slip under wet concrete surface condition (full-size pads) 

Slope Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 No test 0.93* 0.95 1.00 1.10* 0.67 

2.5/2.1 No test 1.33* No test No test No test 0.68 

5/4.2 No test 0.80 No test 1.05 No test 0.80 
*Pad did not slip, slip test was terminated to conserve time  
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In regard to the effect that shear direction (uphill vs. downhill; recall Figure 6-18) has on 

slip, Table 6-10 provides comparative results from this study. The data indicate that tapered 

bearing pads slipped at lower shear strains (𝛾) when sheared in the downhill direction as compared 

to the uphill direction. This outcome is attributed to the fact that, even under pure axial load, a 

tapered pad will shear in the downhill direction (recall Section 6.2), thus increasing the potential 

for slip before shear force is even applied. 

Table 6-10 Effect of direction of shear on shear strain (𝛾) at slip under  

dry steel surface condition (full-size pads) 

Direction 

of shear 

Pad E-2.5% Pad F-2.5% Pad K-2.1% 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Uphill No test 0.67 0.60 0.75 No test 0.17 

Downhill 0.33 0.33 0.45 0.35 No test 0.12 
Shaded cells indicate cases for which the AASHTO shear strain requirement of 𝛾 > 0.5 was not satisfied. 

6.5.2 Stage 2: Coefficient of friction at slip 

Based on the Coulomb friction model, the coefficient of friction (𝜇) is defined as the ratio 

of shear force (𝐹𝑣) to axial force (𝐹) when slip occurs. Therefore, shear force and axial force data 

recorded during each slip test were used to determine the coefficients of friction for various surface 

conditions. In Stage 2 of each slip test, axial load was gradually reduced while maintaining the 

shear strain that had been produced during Stage 1 (details of the slip test procedure are provided 

in deliverable 5). As the axial force (𝐹) acting on a pad is gradually reduced, the frictional shear 

force resisting pad slip (𝐹𝑣 = 𝜇 ∙ 𝐹) is also reduced. When the frictional force drops below the 

threshold required to hold the pad at the initial shear strain, the pad slips to attain a lower shear 

strain level than the initial (Figure 6-28). Consequently, the shear force drops to correspond to the 

reduced shear strain. This reduction in frictional shear force further continues until the shear strain 

drops to zero and the pad stops slipping. To determine the coefficient of friction, the time at which 

slipping initiated was determined, and then the ratio of shear to axial force was computed.  

  
(a) (b) 

Figure 6-28 Schematic diagrams for coefficient of friction test:  

(a) significant shear strain (𝛾) before slip; (b) reduced shear strain (𝛾) after slip 

As an illustration of this process, Figure 6-29 presents slip test data that were used to 

calculate the coefficient of friction for full-size tapered pads E-2.5%. In Figure 6-29a, the axial 

and shear forces have been normalized relative to the respective maximum magnitude force values 
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that were achieved during slip tests. As seen from Figure 6-29a, as the axial force was reduced, 

the shear force value did not initially change, indicating that the shear strain in pads did not change 

and that the pads were not slipping; this was defined as Phase 1 of the unloading process. As axial 

force was further reduced, the shear force started to decrease. Initially the decrease was gradual in 

form, but later the decrease was rapid, indicating continuous pad slip; this latter response was 

defined as Phase 2. Between the well-defined phases 1 and 2 was a transition zone. Initiation of 

pad slip was assumed to occur in the transition zone. To establish a time at which slip initiated, the 

rate of change in shear force (i.e., the time derivative of shear force) was plotted (Figure 6-29b). 

Tangents were constructed for Phase 1 and Phase 2 of the curve. The time corresponding to the 

intersection of the tangents was taken to be the time at which slip initiated. The coefficient of 

friction was then calculated as the ratio of shear to axial force at this time. 

Following this general procedure, coefficients of friction were determined for all tested 

pads. Tables 6-11 – 6-15 summarize coefficients of friction for different types of pad (flat, 

tapered), different surface conditions (dry, wet), and different axial load levels. Prior researchers 

have reported that bearing pad slip can be prevented if the shear stress acting on a bearing pad is 

limited to no more than one-fifth (0.2) of the compressive stress, i.e., if the coefficient of friction 

between the bearing pad and bearing surfaces is at least 0.2 (Muscarella & Yura, 1995; Pont, 1959; 

Stanton & Roeder, 1982). In Tables 6-11 – 6-15, all coefficients of friction smaller than 0.2 are 

shaded to indicate a failure to meet the no-slip criterion reported by prior researchers.  

For steel surfaces (Tables 6-11 – 6-13), both dry and wet, the experimentally determined 

coefficients of friction for tapered pads failed to satisfy the required minimum of 0.2. Note that 

values in the tables are marked as ‘~Zero’ when the coefficients of friction were close to zero (i.e., 

when pad slip occurred due solely to the application of axial load, without shear load). In contrast, 

for concrete surfaces (Tables 6-14 and 6-15), both dry and wet, the experimentally determined 

coefficients of friction for tapered pads did satisfy the required minimum of 0.2. These 

observations are similar to the observations found in the analysis of shear displacement at slip, as 

discussed previously. 
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(a) 

 
(b) 

Figure 6-29 Slip test data for determining coefficient of friction for full-size pad E-2.5%: 

(a) change in shear force; (b) change in rate of change in shear force 
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Table 6-11 Coefficient of friction under dry steel surface condition (half-size pads) 

Slope (%) Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 No test No test No test No test No test No test 

2.5/2.1 0.25 0.11 0.39 0.21 No test No test 

5/4.2 0.25 ~Zero† No test No test No test No test 
Shaded cells indicate cases for which the coefficient of friction 𝜇  was less than 0.2 
†Value of coefficient of friction close to zero indicating pad slipped under pure compression 

 

Table 6-12 Coefficient of friction under dry steel surface condition (full-size pads) 

Slope (%) Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 0.34 0.34 0.54 0.31 0.3 0.29 

2.5/2.1 0.24 ~Zero † 0.39 0.22 ~Zero ~Zero 

5/4.2 0.26 ~Zero 0.24 ~Zero ~Zero ~Zero 
Shaded cells indicate cases for which the coefficient of friction 𝜇  was less than 0.2 

†Value of coefficient of friction close to zero indicating pad slipped under pure compression 

 

Table 6-13 Coefficient of friction under wet steel surface condition (full-size pads) 

Slope (%) Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 0.25 0.2 0.54 0.37 0.25 0.25 

2.5/2.1 0.23 ~Zero † 0.35 ~Zero No test ~Zero 

5/4.2 ~Zero ~Zero 0.34 ~Zero No test ~Zero 
Shaded cells indicate cases for which the coefficient of friction 𝜇  was less than 0.2 

†Value of coefficient of friction close to zero indicating pad slipped under pure compression 

 

Table 6-14 Coefficient of friction under dry concrete surface condition (full-size pads) 

Slope (%) Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 0.5 0.42 0.54 0.56 0.47 0.38 

2.5/2.1 0.37 0.38 0.58 0.41 0.51 0.34 

5/4.2 0.49 0.33 0.47 0.36 No test 0.32 
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Table 6-15 Coefficient of friction under wet concrete surface condition (full-size pads) 

Slope (%) Pad type E Pad type F Pad type K 

(for pad E and 

F/ K) 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

0 No test 0.52 0.67 0.46 0.46 0.36 

2.5/2.1 No test 0.3 No test No test No test 0.35 

5/4.2 No test 0.25 No test 0.33 No test 0.35 

 

In regard to the effect that shear direction (uphill vs. downhill; recall Figure 6-18) has on 

coefficient of friction, Table 6-16 provides comparative results. The data indicate that the 

coefficient of friction (𝜇) was lower when tapered pads were sheared in the downhill direction as 

compared to the uphill direction. This outcome is attributed to the fact that, even under pure axial 

load, a tapered pad will shear in the downhill direction (recall Section 6.2), thus increasing the 

potential for slip and reducing the observed coefficient of friction. 

Table 6-16 Effect of direction of shear on coefficient (𝜇) of friction at slip under  

dry steel surface condition (full-size pads) 

Direction of 

shear 

Pad E-2.5% Pad F-2.5% Pad type K-2.1% 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Min. axial 

load 

Max. axial 

load 

Uphill No test 0.32 0.56 0.3 No test 0.21 

Downhill 0.24 ~Zero † 0.39 0.22 No test ~Zero 
Shaded cells indicate cases for which the coefficient of friction 𝜇  was less than 0.2 

†Value of coefficient of friction close to zero indicating pad slipped under pure compression 
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CHAPTER 7 

RECOMMENDATIONS 

 

The following subsections provide recommendations for tapered bearing pads based on the 

analysis of test data and results. 

7.1 Shape factor 

Potential thickness parameters that can be used to compute the shape factor (𝑆) of a tapered 

elastomer layer include: minimum thickness, average thickness, and maximum thickness. In this 

study, the thickness parameter that produced the minimum RMS error between calculated and 

experimentally measured axial stiffness values was selected as the recommended thickness for 

shape factor calculation. To determine the most appropriate thickness parameter, Eqs. 6-4 – 6-7 

were optimized three separate times, each time using the entire processed axial stiffness test data 

and one of three different choices of characteristic thickness (minimum, average, or maximum). 

For each choice of characteristic thickness, optimized values of the empirical constants 𝛼, 𝜔1, and 

𝜔2 were determined from RMS error minimization. Table 7-1 indicates that the values of 𝜔1 and 

𝜔2 were nearly the same for all the three choices of thicknesses. In contrast, values of 𝛼 decreased 

as the characteristic elastomer thickness increased (i.e., as the shape factor decreased).  

Table 7-1 Values of empirical constants obtained for different choices  

of thickness (as used in shape factor calculation) 

Thickness used to  

compute shape factor 
𝛼 𝜔1 𝜔2 

Minimum 0.29 1.56 -3.52 

Average 0.21 1.62 -3.83 

Maximum 0.09 1.64 -3.95 

 

To compare the experimentally measured axial stiffness data to axial stiffnesses computed 

using different choices of characteristic thickness (and thus different shape factors), Eqs. 7-1 – 7-4 

were used: 

𝑅𝑀𝑆 =  
√

∑ [
(𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 )𝑎𝑥𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑥𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
]

2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠
 

(7-1) 

𝑀𝑉1 =
∑

(𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑝𝑒𝑟 𝑝𝑎𝑑 𝑡𝑦𝑝𝑒
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠

× 100

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑑 𝑡𝑦𝑝𝑒𝑠
 

(7-2) 

𝑀𝑉2 =
∑

𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒[(𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 ]
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠

× 100

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑑 𝑡𝑦𝑝𝑒𝑠
 

(7-3) 
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𝑆𝐷 =
√

∑ (
(𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑥𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠
× 100 − 𝑀𝑉1)

2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑑 𝑡𝑦𝑝𝑒𝑠
 

(7-4) 

 

Table 7-2 compares axial stiffnesses, calculated using different thickness values for the 

shape factor, to the experimentally measured axial stiffness data. The shape factor calculated using 

the maximum thickness was found to produce the least error in axial stiffness calculation. 

However, errors associated with calculating the shape factor using the average thickness were only 

about 1% larger. Given this relatively small difference, and given that the use of average thickness 

in calculating shape factor is likely to be more intuitive to designers, the use of average thickness 

is recommended for the calculation of shape factor and axial stiffness of tapered bearing pads. 

Table 7-2 Comparison of axial stiffness results for different thicknesses used for shape factor 

Thickness used 

to compute 

shape factor 

RMS error 

using 

normalized 

force values 

Mean value of 

percentage error 

between 

calculated and 

measured stiffness 

(MV1) 

Mean value of 

absolute percentage 

error between 

calculated and 

measured stiffness 

(MV2) 

Standard deviation 

of percentage error 

between calculated 

and measured 

stiffness (SD) 

Minimum 0.112 -2.8% 16.8% 19.6 

Average 0.108 -2.3% 14.8% 16.8 

Maximum 0.107 -1.6% 13.9% 16.0 

7.2 Tapered bearing pad configuration 

Three bearing pad manufacturers were contacted regarding fabrication of tapered bearing 

pads. Each manufacturer responded that taper in pads can be introduced by varying pad thickness 

from end to end of the pad in multiples of 1/8 in. or 1/16 in.; manufacturers indicated a preference 

for 1/8 in. The manufacturers also mentioned that multiple layers of neoprene can be varied to 

create the desired tapered. Based on the earlier work of Muscarella and Yura (1995), as well as 

discussions with current manufacturers of bearing pads, it was determined that taper could be 

incorporated into bearing geometry by changing the thickness of the pads in increments (N) of 

1/8 in. Accordingly, tapered pads in this research were produced by incorporating taper in flat 

bearing pads along the length by changing bearing pad thickness in multiples of 1/8 in. such that 

the average thickness of each tapered pad was same as the thickness of the original flat pad 

(Figure 7-1). Steel shims were aligned parallel to the bottom pad surface except for the top shim 

which was inclined such that the elastomer thicknesses above and below the top shim was equal. 

Only the top shim was inclined because past research on tapered pads (Muscarella & Yura, 1995) 

found out that inclined shims were more prone to misalignment than parallel shims, and pads under 

compression with only inclined shims horizontally displaced 40% more compared to pads with 

only parallel shims. 
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Figure 7-1 Tapered bearing pad configuration 

In order to verify whether the pads tested in this study were fabricated in accordance with 

AASHTO M251 (2016) and FDOT (2018) tolerances, thirteen (13) full-size tapered pads were 

dissected. Additionally, four (4) full-size flat pads were dissected to compare fabrication errors 

between flat and tapered pads. Pads were dissected as shown in Figure 7-2 using a band saw. 

Table 7-3 provides a list of the dissected pads. All pads except E-0%, F-0% and K-2.1%, were 

selected for dissection because unexpected results were measured during experimental testing. 

Thickness of each elastomer layer was measured at both ends of a pad (for example see 

Figure 7-3) and at each dissected cross-section. The difference between actual and target elastomer 

thicknesses (error) was calculated for each elastomer layer in all dissected pads and plotted on a 

histogram as shown in Figure 7-4. The count on the y-axis was normalized to compare results from 

tests on dissected tapered and flat pads. Similarly, ratio of actual and target elastomer layer 

thicknesses was plotted on a normalized histogram as shown in Figure 7-5. The tolerance for 

difference between actual and target elastomer layer thicknesses as per FDOT Standard 

Specifications for Road and Bridge Construction (FDOT, 2018) is ±0.125 in. Based on the 

measurements on dissected pads, 10.5% and 10% of total elastomer layers from tapered and flat 

pads respectively had thicknesses out of tolerance. Further, the mean and standard deviation of 

error in elastomer layer thicknesses were similar for flat and tapered pads (Figure 7-4). The 

coefficients of variation (COV) for the ratios of actual and target thicknesses were also similar for 

flat and tapered pads (approximately 23%). Therefore, the measurements on dissected pads 

indicated that tapered pads had similar error in elastomer layer thickness compared to flat pads. In 

other words, use of one inclined shim in tapered pads did not affect the fabrication tolerances for 

elastomer layer thickness and shim alignment in bearing pads. Figure 7-6 shows example photos 

of dissected pads. 
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(a) 

 
(b) 

Figure 7-2 Bearing pad dissection schematic: (a) location of cuts; (b) dissected component labels  

Table 7-3 List of pads dissected 

# Pad type – slope Pad numbers 
Type-slope-number 

label 

1 E-5.0% 1, 2 E-500-1, E-500-2 

2 E-2.5% 1, 2 E-250-1, E-250-2 

3 E-2.5% 3, 4 E-250-3, E-250-4 

4 E-0.0% 1 E-000-1 

5 F-5.0% 1, 2 F-500-1, F-500-2 

6 F-2.5% 1, 2 F-250-1, F-250-2 

7 F-0.0% 1 F-000-1 

8 K-4.2% 1, 2 K-420-1, K-420-2 

9 K-2.1% 1 K-210-1 

10 K-0.0% 1, 2 K-000-1, K-000-2 
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Figure 7-3 Illustration of bearing pad dissection measurement (pad type F) 

 

Figure 7-4 Normalized histogram for error (difference between actual and target elastomer 

thicknesses) in flat and tapered pads 

 

In order to measure the errors in fabricated pad slopes, the slopes (in radians) of top 

surfaces with respect to bottom surfaces for all pads acquired for this research were calculated. 

Slope was calculated for each bearing pad at three locations as shown in Figure 7-7. Average of 

absolute differences between measured and target slope (error) at each measurement location was 

calculated for each bearing pad. Figure 7-8 shows normalized histogram for the average errors in 

slopes for all flat and tapered pads. The tolerance for bearing pad slope is ±0.005 radians 

(AASHTO M251-06, 2016; FDOT, 2018). Accordingly, no flat pad had slope out of tolerance. On 

the other hand, about 27% of tapered pads had slopes out of tolerance. This indicated that 

fabrication of tapered pads could not satisfy the tolerance for slope. 
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Figure 7-5 Normalized histogram for ratio between actual and target elastomer layer thicknesses 

in flat and tapered pads 

  
(a) (b) 

Figure 7-6 Example of dissected pads: (a) pad F-5%; (b) pad K-4.2% 

 

Figure 7-7 Location for bearing pad slope measurements 
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Figure 7-8 Normalized histogram for absolute difference between measured and target slopes 

7.3 Structural surface conditions 

Slip tests were conducted for both steel and concrete surface conditions. However, in all 

cases, the extreme top and extreme bottom steel plate surfaces (Figure 7-9) in contact with the 

bearing pads were roughened using coarse grit that was adhered to the steel plates with epoxy. The 

presence of the grit prevented slip from occurring at these locations and forced slip to instead occur 

at the intended interface between pads and the middle plate. Based on slip test results, tapered pads 

were found to slip before achieving a shear strain (𝛾) of 0.5, (required by AASHTO LRFD Bridge 

Design Specifications, 2017) on wet and dry galvanized steel surface conditions which are typical 

of Florida-I beams (FIBs) at the interface between FIBs and bearing pads. However, tapered pads 

did achieve a shear strain of 0.5 before slipping on wet and dry concrete surface conditions during 

experimental testing. Future research is therefore recommended to evaluate different options to 

prevent premature slip of tapered pads on steel surfaces. Options that should be investigated to 

prevent premature slip include: the use of keeper plates positioned around the perimeter of the 

bearing pads; or the use of roughened steel surfaces. Investigation of surface roughening via 

epoxied grit would further require an evaluation of the service life of such a surface treatment. If 

mechanical devices, such as keeper plates, were instead used to restrain tapered pad movement, 

then the horizontal restraining force described in Section 6.3 could be considered as the design 

force for developing such systems. Note that, full-size tapered pad types E and F could achieve a 

minimum of 0.2 shear strain before slipping under minimum axial load. Therefore, these tapered 

pads can be used for shear strain and axial load levels lesser than the existing design levels without 

modifying the currently used structural surface conditions for FIBs. 
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Figure 7-9 Schematic of structural surface conditions used during slip tests 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

 

In the present study, “Evaluation of Tapered Bridge Bearing Pads”, tapered bearing pads 

were configured by modifying existing standard FDOT bearing pads. These tapered pads, along 

with corresponding flat pads, were tested to study the effect of taper on bearing pad properties. An 

experimental test setup was designed and fabricated to test bearing pads. This setup was designed 

to apply axial and shear loads on pads in accordance with ASTM standards. The setup was 

fabricated at the Florida Department of Transportation (FDOT) Structures Research Lab. Using 

this setup, flat and tapered bearing pads were tested experimentally to determine axial and shear 

stiffnesses. Tests were also performed to determine horizontal displacement and restraining force 

in axially loaded tapered pads. Slip tests were performed on pads to determine shear displacement 

at slip and coefficient of friction under various surface conditions (steel, concrete, dry, wet) and 

under different axial load levels. 

Measurements collected during experimental testing were evaluated, processed if required, 

and interpreted. Based on the interpretation, equations were developed to approximately calculate 

bearing pad parameters including axial stiffness, shear stiffness, horizontal displacement and 

horizontal restraining force in bearing pads. These equations were optimized using respective test 

data to obtain suitable fitting parameters which produced minimum error between calculated and 

experimentally measured bearing pad parameters. Axial stiffness of tapered elastomer layers was 

found to decrease by 21% for every one percent (%) increase in taper slope compared to the 

stiffness of a flat layer with the same average thickness and same plan dimensions.  

Horizontal displacement in tapered pads under pure axial load was found to increase 

proportional to axial load and taper slope, and inversely proportional to shear stiffness. Further, 

horizontal restraining force under pure axial load was found to also increase proportional to axial 

load and taper slope. In contrast, shear stiffness was found to vary by no more than 15% from the 

stiffness of comparable flat pads as a result of the introduction of taper slope. Shear stiffness was 

found to be a function of effective shear modulus, pad shear area, and total elastomer thickness, 

but not a strong function of taper slope. 

Shape factors for tapered elastomer layers, calculated using either maximum or average 

elastomer thickness, produced similar errors between calculated and measured axial stiffness 

values. Therefore, for simplicity, it is recommended that shape factors for tapered elastomer layers 

be calculated using average elastomer thickness.  

Tapered bearing pads tested in this study were fabricated by changing bearing pad 

thicknesses in increments of 1/8 in. Tapered pads manufactured in this manner and standard flat 

pads had similar percentage (approximately 10%) of elastomer layers with out of tolerance 

thicknesses (>±0.125 in.). The coefficients of variation (COV) for the ratios of actual-to-target 

thicknesses were also similar for flat and tapered pads (approximately 20%). Measurements on 

dissected pads indicated that both flat and tapered pads had similar errors in fabrication of the 

elastomer layer thickness. As such, utilization of a single inclined steel shim plate in tapered pads 

did not adversely affect the fabrication tolerances for elastomer layer thickness or shim alignment. 

However, approximately 27% of all tapered pads had out-of-tolerance (±0.005 rad.) slopes as 

compared to 0% of the flat pads. This finding indicates that achieving acceptable slope tolerances 
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in the fabrication of tapered pads will require process improvements on the part of pad 

manufacturers. 

Based on slip test results, tapered pads were found to slip prior to achieving a shear strain 

of 0.5 (as required by AASHTO) on galvanized steel surface conditions that are typical of Florida-I 

beams (FIBs). However, tapered pads achieved a shear strain of 0.5 before slipping for both wet 

and dry concrete surface conditions. Future research is recommended to evaluate different options 

to prevent premature slip of tapered pads on steel surfaces (e.g. the use of roughened surface 

texture or mechanical restraint devices). For the design of mechanical devices such as keeper 

plates, the horizontal pad restraining force, presented in Section 6.3, may be taken as the design 

force. Note that, full-size tapered pad types E and F achieved a minimum of 0.2 shear strain before 

slipping under minimum axial load. Therefore, these tapered pads can be used for shear strain and 

axial load levels lesser than the existing design shear strain and axial load levels without modifying 

the currently used structural surface conditions for FIBs. 
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APPENDIX A 

BEARING PAD SHOP DRAWINGS 

 

On the following pages, shop drawings are provided for flat and tapered bearing pads 

fabricated for this study. 
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APPENDIX B 

TEST SETUP FABRICATION 

 

Figure B-1 shows an overview of the test setup. Structural steel components for fabricating 

the test setup were ordered from several steel suppliers. These components were either partially or 

completely prefabricated by the supplier, or fabricated at the FDOT Structures Research Center or 

the University of Florida Structures Laboratory. The steel components included steel plates of 

various shapes and sizes, a wide flange beam, hollow square sections, angles, channels and 

fasteners. Table B-1 shows list of steel plates (PL) and hot rolled steel sections with descriptions 

as purchased from suppliers. The fabrication of partially prefabricated components was completed 

at the FDOT Structures Research Center, such as drilling holes per fabrication drawings. 

Two scissor jacks, each with a lifting capacity of 5000 lbf, were purchased to facilitate 

separating the top and bottom HSS arms as shown in Figure B-2. Grit 16 aluminum oxide and 

Sikadur-31 epoxy were purchased to increase the friction at the interface between the bearing pads 

and the top and bottom steel bearing plates.  

A rod end compression (REC) load-cell of 15 kip capacity was purchased to be used along 

with another identical load-cell available at the FDOT Structures Research Lab. These load-cells 

were used to measure horizontal force/thrust generated by tapered bearing pads under pure axial 

load. Figure B-3a shows the location of the REC load-cells in the test setup. To facilitate ease of 

installation and removal of the REC load-cells, a rod end cell assembly was developed which 

included the PL-REC plate, REC cells and bolts that screw into the load-cells. The PL-REC plate 

was purchased prefabricated with holes from a local steel fabricator. 
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(a) 

 
(b) 

Figure B-1 Overview of bearing pad test setup: (a) schematic; (b) after fabrication 
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Table B-1 List of plates and hot rolled sections as purchased 

Item Quantity Description 

PL-M 1 PL – 2”x33”x36” w/(4) 1-1/16”F holes 

PL-C 1 PL – 1”x13”x13” w/(4) 1-5/16” F holes 

PL-F0 2 PL – 0.75”x28.5”x36” w/(4) 1-3/16” F holes 

PL-F1 2 PL – Bev 1.125” to 0.5”x28.5”x36” w/(4) 1-3/16” F holes 

PL-F2 2 PL – Bev 1.125” to 0.25”x28.5”x36” w/(4) 1-3/16” F holes 

PL-F3 2 PL – 2.25”x28.5”x36” w/(4) 1-3/16” F holes 

PL-F4 2 PL – 1.5”x28.5”x36” w/(4) 1-3/16” F holes 

PL-F5 2 PL – 0.5”x36”x48” 

PL-F6 2 PL – 1.25”x33”x36” 

PL-B 1 PL – 2.5”x14”x38” w/(4) F1.25-7 x 1-1/2”D holes 

PL-B 1 PL – 4”x14”x38” w/(4) F1.25-7 x 1-1/2”D holes 

PL-V 2 PL – 1”x19.5”x24.5” 

PL-S1 4 PL – 0.75”x7.0625”12.5625” w/(2) chamfer corners 

PL-S1-h 2 PL – 0.75”x7.0625”12.5625” w/(1) 1-5/16” F hole w/(2) chamfer corners 

PL-S3 2 PL – 1”x8”x12” w/(1) 1-5/16” F holes 

PL-T1 2 PL – 1”x6.5”x22” 

PL-T2 4 PL – 1”x5”x22” 

PL-1 4 PL – 1”x6.5”x25” 

PL-2 8 PL – 1”x6.5”x25” w/ chamfer corners 

PL-B1 2 PL – 1”x6.5”28.25” 

PL-B2 4 PL – 1”x5”x28.25” 

PL-S2 4 PL – 1.25”x4.25”x5” 

PL-C1 2 PL – 0.5”x28.5”x36” w/(4)1-3/16”F, (9)3”F, (9)3.5”Fx1/4”D 

PL-C2 8 PL – 1”x3”x3” w/(1) 1-3/16” F holes 

PL-C3 4 PL – 1”x1”x36” w/(1) 

LW-1 8 PL – Bev 0.25” to 3/16”x3”x3” w/(1) 1-3/16”F hole 

LW-2 8 PL – Bev 0.25” to 0.125”x3”x3” w/(1) 1-3/16”F hole 

PL-F8 1 PL – 0.75”x25”x25” 

PL-F9 1 PL – 0.25”x18”x18” 

PL-CR1 2 PL – 0.75”x16”x20” 

PL-CR2 2 PL – 0.75”x18-3/8”x18-3/8” 

PL-CR3 2 PL – 0.75”x16”x20” 

W 1 W.F. beam (14”x109)x3’ long (ASTM A572/A992 Gr 50) 

HT 2 HSS (4.5”x0.25”)x8’-9” long (ASTM A500 Gr B) 

HB 2 HSS (4.5”x0.25”)x8’-6.25” long (ASTM A500 Gr B) 

CH-1 2 Ship channel (6”x15.3”)x2’-6.75” long (Dual ASTM A36/ Gr 50) 

CH-2 2 Ship channel (6”x15.3”)x1’-6” long (Dual ASTM A36/ Gr 50) 

CH-3 2 Ship channel (6”x15.3”)x5’-6” long (Dual ASTM A36/ Gr 50) 

A-1 4 Angle (2.5”x1.5”x1.25”)x38” long 
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Figure B-2 Illustration of use of scissor jacks to separate top and bottom HSS arms 

 
(a) 

 
(b) 

Figure B-3 Rod end cell assembly: (a) Location of rod end cell in the test setup; (b) Exploded 

view of rod end cell assembly 

The fabrication of the test setup began after all materials were acquired. Before starting 

fabrication, the steel components delivered were inspected for size. All the components were found 

to have dimensions within standard tolerances, except for plate PL-F5. The plate PL-F5 was found 

to be warped and out of tolerance, and was not able to be flattened due to the small thickness 

compared to plan dimensions (Figure B-4). PL-F5 was, therefore, excluded from the test setup. 

PL-F5 was replaced by layer of hydrostone. 

 

Figure B-4 Warping in plate PL-F5 
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Holes were drilled into components which were not ordered with prefabricated holes. Then 

test setup was first built into smaller assemblies. On completion, each assembly was coated with 

primer and paint to protect against corrosion. The HSS arms assemblies were first fabricated by 

welding plates to the HSS tubes per the fabrication drawings and then coated with primer 

(Figure B-5). Similarly, other assemblies were fabricated, and coated with primer and paint as 

shown in Figure B-6. 

 
 

(a) (b) 

Figure B-5 HSS arms: (a) Before primer coating; (b) After primer coating 
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(a) (b) 

 

 

(c) (d) 

  
(e) (f) 

Figure B-6 Test setup assemblies: (a) Parent middle plate assembly; (b) PL-F9 and PL-S1-h 

assembly; (c) HSS arms, support beam, and corbel assemblies; (d) CH-1 coated with paint; 

(e) CH-3 assembly; (f) CH-2 and PL-F8 assembly 

After fabricating individual assemblies, the test setup supports were fabricated as shown in 

Figures B-7 through B-9. Grout pads were placed under the supports to provide a level surface for 

the setup. The supports were anchored to the strong floor using 1.5” threaded anchor rods. 
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Figure B-7 Corbel assembly and steel blocks 

 

Figure B-8 Frame support end assembly 

 
 

(a) (b) 

Figure B-9 Test setup supports in place: (a) Front view; (b) Back view 

After the grout pads were cured, horizontal actuator (model: MTS) and HSS arm 

assemblies were installed in the setup (Figures B-10 and B-11). Simultaneously, top and bottom 
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bearing plates, and middle plate assembly were installed (Figure B-12). Before installing the top 

and bottom bearing plates, an approximately 1/32-in. thick layer of epoxy and aluminum oxide 

grit was adhered to the surfaces which will be in contact with bearing pads (Figure B-13).  

 

Figure B-10 Horizontal actuator (model: MTS) installed in the test setup 

 

Figure B-11 HSS arms installed in the setup 
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(a) (b) 

Figure B-12 Bearing pad end assembly: (a) Front view; (b) Side view 

 
(a) 

 

 
(b) 

Figure B-13 Aluminum oxide grit pasted on bearing plates (PL-B and PL-B-top): (a) Top view; 

(b) Close-up view 

As shown in Figure B-3b, each rod end compression (REC) cell had a 1 in. bolt, which will 

be used as a bearing surface to bear against the middle plate assembly in order to measure lateral 

force generated by axially loading tapered bearing pads (Figure B-14). To reduce the transverse 

(vertical) force acting on the REC cells, due to vertical movement of middle plate, Teflon sheets 

taped into position between the REC cell bolts and middle plate assembly as shown in 

Figure B-14b. The hex-heads of the bolts were milled down to a thickness of 1/8 in. so that the 

REC cell assembly would fit between the horizontal actuator (MTS) and the middle plate assembly 
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(Figure B-15). The bolts were also cut to a length equal to 1 in., so that they could be screwed 

completely into the REC cells.  

  
(a) (b) 

Figure B-14 REC cells in place: (a) Side view; (b) Top view 

 
 

(a) (b) 

Figure B-15 Rod end compression cell assembly: (a) 1 in. diameter 1 in. length bolt with reduce 

head thickness; (b) REC cell with bolt  

Two scissor jack assemblies were fabricated in order to facilitate separating the top and 

bottom HSS arms as shown in Figure B-16. Two 23 in. long angles (L 2.5”x1.5”x0.25”) were 

welded on top and bottom faces of both scissor jacks to fabricate a built-up channel section wide 

enough to fit the HSS arms between the angles. This ensured that the scissor jacks will not slip out 

of plane while lifting. Figure B-16 shows schematic and fabricated scissor jack assembly. 
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(a) (b) 

Figure B-16 Scissor jack assembly: (a) Schematic drawing; (b) Fabricated assembly 

Displacement gauges were installed in the test setup as per the instrumentation drawings 

(Figures B-17). Support frames for the DX laser gauges were fabricated at the FDOT Structures 

Research Center lab using slotted framing components (Figure B-18) that were readily available 

(from McMaster Carr). DZ gauges were mounted using metal studs that were welded to the top 

and bottom steel bearing plates (Figure B-19). 

 

Figure B-17 Laser sensors instrumentation plan (isometric View) 
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Figure B-18 Supporting frames for DX laser gauges 

 

Figure B-19 Typical metal stud used for mounting DZ laser gauges 

 

 



103 

APPENDIX C 

TEST SETUP FABRICATION DRAWINGS 

 

On the following pages, fabrication drawings for the bearing pad test setup are provided. 

The drawings include details of all parts in the test setup, and proposed test setup operating 

procedures.
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APPENDIX D 

TEST MATRIX 

 

Table D-1 provides the test matrix which includes the types of pads tested and the list of 

test procedures performed on each pad type. In this table, the notations ka, ks, s, and HF mean 

axial stiffness, shear stiffness, horizontal displacement and horizontal restraining force 

respectively. 

Table D-1 Bearing pad test matrix 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 

Test 

for 

Axial 

load 

level 

Direction 

of shear 
Number 

of 

repetitions 
Neg.  

(-) 

Pos.  

(+) 

1 1 

E-0% Half 1 Steel Dry 

ka Max     5 

2 2 ks Min x x 3 

3 3 ks Max x x 3 

4 4 Slip    Min x x 1 

5 5 Slip    Max x x 1 

6 6 

E-0% Full 1 

Steel 

Dry 

ka Max     3 

7 7 ks Max x x 3 

8 8 ks Min x x 1 

9 119A Slip    Min x   1 

10 120A Slip    Max x   1 

11 101 
Concrete 

Slip    Min x   1 

12 102 Slip    Max x   1 

13 119B 
Steel 

Wet 

Slip    Min x   1 

14 120B Slip    Max x   1 

15 126 Concrete Slip    Max x   1 

16 11 

F-0% Half 1 Steel Dry 

ka Max     4 

17 12 ks Max x x 3 

18 13 ks Min x x 1 

19 14 Slip    Min x   1 

20 15 Slip    Max x   1 

21 16 

F-0% Full 1 

Steel 

Dry 

ka Max     4 

22 17 ks Max x x 1 

23 18 ks Min x x 1 

24 19A Slip    Min x   1 

25 20 Slip    Max x   1 

26 99 
Concrete 

Slip    Min x   1 

27 100 Slip    Max x   1 
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Table D-1 Bearing pad test matrix, continued 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 

Test 

 

Axial 

load 

level 

 

Direction 

of shear 
Number 

of 

repetitions 
Neg.  

(-) 

Pos.  

(+) 

28 121 

F-0% Full 1 

Steel 

Wet 

Slip    Min x   1 

29 122 Slip    Max x   1 

30 123 
Concrete 

Slip    Min x   1 

31 124 Slip    Max x   1 

32 45 

E-2.5% Half 

1 Steel Dry 

ka 

s 
Max     2 

33 47 ks   Max x   1 

34 48 ks   Min x   1 

35 49 Slip    Min x   1 

36 50 Slip    Max x   1 

37 51 

2 Steel Dry 

ka 

s 
Max     2 

38 53 ks Max x   1 

39 54 ks Min x   1 

40 55 Slip    Min x   1 

41 56 Slip    Max x   1 

42 57 

E-2.5% Full 

1 

Steel 

Dry 

ka 

s 
Max     2 

43 59 ks Max x x 1 

44 60 ks Min x x 1 

45 61 Slip    Min x   1 

46 62 Slip    Max x   1 

47 63 

2 

ka 

s 
Max     2 

48 65 ks Max x x 1 

49 68 Slip    Max   x 1 

50 103 
1 Concrete 

Slip    Min x   1 

51 104 Slip    Max x   1 

52 117 
2 Steel 

Wet 

Slip    Min x   1 

53 118 Slip    Max x   1 

54 128 2 Concrete Slip    Max x   1 
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Table D-1 Bearing pad test matrix, continued 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 
Test 

Axial 

load 

level 

Direction 

of shear 

Number 

of 

repetitions 

Neg.  

(-) 

Pos. 

(+) 
 

55 21 

F-2.5% Half 

1 

Steel Dry 

ka 

s 
Max     3 

56 22 FH Max     1 

57 23 ks  Max x x  2 

58 24 ks Min x   1 

59 25 Slip    Min x   1 

60 26 Slip    Max x   1 

61 27 

2 

ka 

s 
Max     2 

62 28 FH Max     1 

63 29 ks Max x   1 

64 30 ks Min x   1 

65 31 Slip    Min x   1 

66 32 Slip    Max x   1 

67 33 

F-2.5% Full 1 Steel Dry 

FH Max     2 

68 34 
ka 

s 
Max     2 

69 35 ks Max x x 1 

70 36 ks Min x x 1 

71 37 Slip    Min x   1 

72 38 Slip    Max x   1 

73 39 

F-2.5% Full 2 Steel Dry 

ka 

s 
Max     2 

74 40 FH Max     1 

75 41 ks  Max x x 1 

76 42 ks  Min x x 1 

77 43 Slip    Min   x 1 

78 44 Slip    Max   x 1 

79 105 

F-2.5% Full 

1 Concrete Dry 
Slip    Min x   1 

80 106 Slip    Max x   1 

81 115 
2 Steel Wet 

Slip    Min x   1 

82 116 Slip    Max x   1 
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Table D-1 Bearing pad test matrix, continued 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 
Test 

Axial 

load 

level 

Direction 

of shear 

Number 

of 

repetitions 

Neg.  

(-) 

Pos. 

(+) 
 

83 69 

E-5% Half 

1 

Steel Dry 

ka 

s 
Max     1 

84 73 Slip    Min x   1 

85 74 Slip    Max x   1 

86 76 
2 

ks Max x   1 

87 80 Slip    Max x   1 

88 81 

E-5% Full 

1 

Steel Dry 

ka 

s 
Max     2 

89 83 ks Max x   1 

90 85 Slip    Min x   1 

91 87 

2 

ka 

s 
Max     2 

92 90 ks Min x   1 

93 92 Slip    Max x   1 

94 109 
1 Concrete Dry 

Slip    Min x   1 

95 110 Slip    Max x   1 

96 111 
2 Steel Wet 

Slip    Min x   1 

97 112 Slip    Max x   1 

98 134 2 Concrete Wet Slip    Max x   1 

99 93 

F-5% Full 

1 

Steel Dry 

ka 

s 
Max     1 

100 94 ks Max x x 1 

101 95 Slip    Min x   1 

102 96 

2 

ka 

s 
Max     1 

103 97 ks Min x x 1 

104 98 Slip    Max x   1 
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Table D-1 Bearing pad test matrix, continued 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 
Test 

Axial 

load 

level 

Direction 

of shear 
Number 

of 

repetitions 
Neg.  

(-) 

Pos. 

(+) 

105 107 

F-5% Full 

1 Concrete Dry 
Slip    Min x   1 

106 108 Slip    Max x   1 

107 113 
2 Steel 

Wet 

Slip    Min x   1 

108 114 Slip    Max x   1 

109 132 2 Concrete Slip    Max x   1 

110 135 

K-0% Full 1 

Steel 

Dry 

ka Max     2 

111 136 ks Max x   1 

112 137 ks Min x   1 

113 138 Slip    Min x   1 

114 139 Slip    Max x   1 

115 150 
Concrete 

Slip    Min x   1 

116 151 Slip    Max x   1 

117 160 
Steel 

Wet 

Slip    Min x   1 

118 161 Slip    Max x   1 

119 162 
Concrete 

Slip  Min x   1 

120 163 Slip    Max x   1 

121 140 

K-2.1% Full 1 

Steel 

Dry 

ka 

s 
Max     3 

122 141 ks Max x x 1 

123 142 ks Min x x 1 

124 
143

A 
Slip    Min x   1 

125 144 Slip    Max x x 2 

126 152 
Concrete 

Slip    Min x   1 

127 153 Slip    Max x   1 

128 159 Steel 
Wet 

Slip    Max x   1 

129 165 Concrete Slip    Max x   1 
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Table D-1 Bearing pad test matrix, continued 

Item 

# 

Test 

# 

Bearing 

pad 

type 

Size 
Pair 

# 

Surface 

type 

Surface 

condition 
Test 

Axial 

load 

level 

Direction 

of shear 
Number 

of 

repetitions 
Neg.  

(-) 

Pos. 

(+) 

130 145 

K-4.2% Full 1 

Steel 

Dry 

ka 

s 
Max     2 

131 148 Slip    Min x   1 

132 149 Slip    Max x   1 

133 146B 

Concrete 

ks Max x   1 

134 147 ks  Min x   1 

135 155 Slip    Max x   1 

136 157 Steel Wet Slip    Max x   1 

137 167 Concrete Wet Slip Max x   1 
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APPENDIX E 

TEST RESULT PLOTS 

E.1 Axial stiffness test plots 

This section consists of plots for axial load versus axial displacement measured during the 

axial stiffness tests. The plots only include the axial loading part of each test. Spikes in the data, 

caused by the laser gauges missing the target plates, were removed. The laser gauges occasionally 

missed the target plates due to either interference by tools while tightening bolts on the middle 

plate, or due to excessive rotation of the top and middle plates. 

  
(a) (b) 

Figure E-1 Axial load vs. displacement: (a) half-size E-0% pads; (b) full-size E-0% pads 
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(a) (b) 

Figure E-2 Axial load vs. displacement: (a) half-size F-0% pads; (b) full-size F-0% pads 

  
(a) (b) 

Figure E-3 Axial load vs. displacement of half-size E-2.5% pads: (a) pair 1; (b) pair 2 

 

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

11-15-Pad-F-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = (data unavailable)

Top pad (Test 11A)

Bottom pad (Test 11A)

Top pad (Test 11B)

Bottom pad (Test 11B)

Top pad (Test 11C)

Bottom pad (Test 11C)

Top pad (Test 11D)

Bottom pad (Test 11D)

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

16-20-Pad-F-Full

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = (data unavailable)

Top pad (Test 16A)

Bottom pad (Test 16A)

Top pad (Test 16B)

Bottom pad (Test 16B)

Top pad (Test 16C)

Bottom pad (Test 16C)

Top pad (Test 16D)

Bottom pad (Test 16D)

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

45-50-Pad-E-250-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 76F

Top pad (Test 45A)

Bottom pad (Test 45A)

Top pad (Test 45B)

Bottom pad (Test 45B)

Compression (in.)

A
x
ia

l 
fo

rc
e 

(k
ip

)

51-56-Pad-E-250-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 84F

Top pad (Test 51A)

Bottom pad (Test 51A)

Top pad (Test 51B)

Bottom pad (Test 51B)



205 

  
(a) (b) 

Figure E-4 Axial load vs. displacement of full-size E-2.5% pads: (a) pair 1; (b) pair 2 

 

 

(a) (b) 

Figure E-5 Axial load vs. displacement of half-size F-2.5% pads: (a) pair 1; (b) pair 2 

 

Compression (in.)

A
x
ia

l 
fo

rc
e 

(k
ip

)

57-62-Pad-E-250-Full

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 75F

Top pad (Test 57A)

Bottom pad (Test 57A)

Top pad (Test 57B)

Bottom pad (Test 57B)

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

63-68-Pad-E-250-Full

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 61F

Top pad (Test 63A)

Bottom pad (Test 63A)

Top pad (Test 63B)

Bottom pad (Test 63B)

Compression (in.)

A
x
ia

l 
fo

rc
e 

(k
ip

)

21-26-Pad-F-250-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 64F

Top pad (Test 21A)

Bottom pad (Test 21A)

Top pad (Test 21B)

Bottom pad (Test 21B)

Top pad (Test 21C)

Bottom pad (Test 21C)

Compression (in.)

A
x
ia

l 
fo

rc
e 

(k
ip

)
27-32-Pad-F-250-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 68F

Top pad (Test 27A)

Bottom pad (Test 27A)

Top pad (Test 27B)

Bottom pad (Test 27B)



206 

  
(a) (b) 

Figure E-6 Axial load vs. displacement of full-size F-2.5% pads: (a) pair 1; (b) pair 2 

 

 

Figure E-7 Axial load vs. displacement of half-size E-5% pads (pair 1) 

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

33-38-Pad-F-250-Full

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 73F

Top pad (Test 34A)

Bottom pad (Test 34A)

Top pad (Test 34B)

Bottom pad (Test 34B)

Compression (in.)

A
x
ia

l 
fo

rc
e 

(k
ip

)

39-44-Pad-F-250-Full

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 70F

Top pad (Test 39A)

Bottom pad (Test 39A)

Top pad (Test 39B)

Bottom pad (Test 39B)

Compression (in.)

A
x

ia
l 

fo
rc

e 
(k

ip
)

69-74-Pad-E-500-half

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0

120

240

360

480

600
Average temperature = 67F

Top pad (Test 69)

Bottom pad (Test 69)



207 

  
(a) (b) 

Figure E-8 Axial load vs. displacement of full-size E-5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-9 Axial load vs. displacement of full-size F-5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-10 Axial load vs. displacement: (a) full-size K-0% pads; (b) full-size K-2.1% pads 

 

Figure E-11 Axial load vs. displacement of full-size K-4.2% pads 
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E.2 Horizontal displacement test plots 

This section consists of plots for horizontal displacement in tapered pads under axial load 

measured during the loading ramp stage of axial stiffness tests. The horizontal displacement of the 

top pad was computed as the difference between the horizontal displacement of the middle plate 

assembly and top plate. Similarly, the horizontal displacement of the bottom pad was computed as 

difference between the horizontal displacement of the middle plate assembly and bottom plate.  

Negative displacement readings indicated tapered pad displacement in the negative x 

direction under compression load. Erroneous data due to laser gauges missing the target plates 

were removed.  

  
(a) (b) 

Figure E-12 Horizontal displacement vs. axial force of half-size E-2.5% pads: (a) pair 1; (b) 

pair 2 
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(a) (b) 

Figure E-13 Horizontal displacement vs. axial force of full-size E-2.5% pads: (a) pair 1; (b) pair 

2 

 

 

(a) (b) 

Figure E-14 Horizontal displacement vs. axial force of half-size F-2.5% pads: (a) pair 1; (b) pair 
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(a) (b) 

Figure E-15 Horizontal displacement vs. axial force of full-size F-2.5% pads: (a) pair 1; (b) pair 

2 

 

Figure E-16 Horizontal displacement vs. axial force of half-size E-5% pads (pair 1) 

Axial force (kip)

H
o
ri

zo
n
ta

l 
d

is
p

la
ce

m
en

t 
(i

n
.)

33-38-Pad-F-250-Full

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Average temperature = 73F

Top pad (Test 34A)

Bottom pad (Test 34A)

Top pad (Test 34B)

Bottom pad (Test 34B)

Axial force (kip)

H
o
ri

zo
n
ta

l 
d
is

p
la

ce
m

en
t 

(i
n
.)

39-44-Pad-F-250-Full

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Average temperature = 70F

Top pad (Test 39A)

Bottom pad (Test 39A)

Top pad (Test 39B)

Bottom pad (Test 39B)

Axial force (kip)

H
o
ri

zo
n
ta

l 
d
is

p
la

ce
m

en
t 

(i
n
.)

69-74-Pad-E-500-half

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Average temperature = 67F

Top pad (Test 69)

Bottom pad (Test 69)



212 

  
(a) (b) 

Figure E-17 Horizontal displacement vs. axial force of full-size E-5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-18 Horizontal displacement vs. axial force of full-size F-5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-19 Horizontal displacement vs. axial force: (a) full-size K-2.1% pads; (b) full-size K-

4.2% pads 

  

Axial force (kip)

H
o
ri

zo
n
ta

l 
d

is
p

la
ce

m
en

t 
(i

n
.)

140-144-K-201-steel

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Average temperature = 84F

Top pad (Test 140B)

Bottom pad (Test 140B)

Top pad (Test 140C)

Bottom pad (Test 140C)

Axial force (kip)

H
o
ri

zo
n
ta

l 
d
is

p
la

ce
m

en
t 

(i
n
.)

145-149-K-420-steel

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0 120 240 360 480 600
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Average temperature = 80F

Top pad (Test 145A)

Bottom pad (Test 145A)

Top pad (Test 145B)

Bottom pad (Test 145B)



214 

E.3 Horizontal force test plots 

This section includes plots of horizontal restraining force versus axial force measured for 

pads during the axial load ramp stage of: horizontal force tests; shear stiffness tests; and slip tests 

performed with dry steel surface condition.  

 
 

(a) (b) 

Figure E-20 Horizontal force vs. axial force: (a) half-size E-0% pads; (b) full-size E-0% pads 

 
 

(a) (b) 

Figure E-21 Horizontal force vs. axial force: (a) half-size F-0% pads; (b) full-size F-0% pads 
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(a) (b) 

Figure E-22 Horizontal force vs. axial force of half-size E-2.5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-23 Horizontal force vs. axial force of full-size E-2.5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-24 Horizontal force vs. axial force of half-size F-2.5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-25 Horizontal force vs. axial force of full-size F-2.5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-26 Horizontal force vs. axial force of half-size E-5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-27 Horizontal force vs. axial force of full-size E-5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-28 Horizontal force vs. axial force of full-size F-5% pads: (a) pair 1; (b) pair 2 

 
 

(a) (b) 

Figure E-29 Horizontal force vs. axial force: (a) full-size K-0% pads; (b) full-size K-2.1% pads 
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Figure E-30 Horizontal force vs. axial force of full-size K-4.2% pads 
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E.4 Shear stiffness test plots 

This section includes plots for shear stiffness tests. These plots include data only 

corresponding to the last shear loading cycle, which will be used to determine pad shear stiffness. 

Data corresponding to negative and positive shear strain cycles are plotted in separate plots. 

 
 

(a) (b) 

Figure E-31 Shear load vs. displacement of half-size E-0% pads: (a) negative cycles (b) positive 

cycles 
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(a) (b) 

 Figure E-32 Shear load vs. displacement of full-size E-0% pads: (a) negative cycles (b) positive 

cycles 

  
(a) (b) 

Figure E-33 Shear load vs. displacement of half-size F-0% pads: (a) negative cycles (b) positive 

cycles 

Shear displacement (in.)

S
h

ea
r 

fo
rc

e 
(k

ip
)

6-10-Pad-E-Full

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-15

-10

-5

0

5

10

15

20

25

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-15

-10

-5

0

5

10

15

20

25
Average temperature = (data unavailable)

Top pad (Maximum load, Test 7A)

Bottom pad (Maximum load, Test 7A)

Top pad (Maximum load, Test 7B)

Bottom pad (Maximum load, Test 7B)

Top pad (Maximum load, Test 7C)

Bottom pad (Maximum load, Test 7C)

Top pad (Minimum load, Test 8)

Bottom pad (Minimum load, Test 8)

Shear displacement (in.)

S
h

ea
r 

fo
rc

e 
(k

ip
)

6-10-Pad-E-Full

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-15

-10

-5

0

5

10

15

20

25

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-15

-10

-5

0

5

10

15

20

25
Average temperature = (data unavailable)

Top pad (Maximum load, Test 7A)

Bottom pad (Maximum load, Test 7A)

Top pad (Maximum load, Test 7B)

Bottom pad (Maximum load, Test 7B)

Top pad (Maximum load, Test 7C)

Bottom pad (Maximum load, Test 7C)

Top pad (Minimum load, Test 8)

Bottom pad (Minimum load, Test 8)

Shear displacement (in.)

S
h

ea
r 

fo
rc

e 
(k

ip
)

11-15-Pad-F-half

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-15

-10

-5

0

5

10

15

20

25

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
-15

-10

-5

0

5

10

15

20

25
Average temperature = (data unavailable)

Top pad (Maximum load, Test 12A)

Bottom pad (Maximum load, Test 12A)

Top pad (Maximum load, Test 12B)

Bottom pad (Maximum load, Test 12B)

Top pad (Maximum load, Test 12C)

Bottom pad (Maximum load, Test 12C)

Top pad (Minimum load, Test 13)

Bottom pad (Minimum load, Test 13)

Shear displacement (in.)

S
h

ea
r 

fo
rc

e 
(k

ip
)

11-15-Pad-F-half

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-15

-10

-5

0

5

10

15

20

25

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-15

-10

-5

0

5

10

15

20

25
Average temperature = (data unavailable)

Top pad (Maximum load, Test 12A)

Bottom pad (Maximum load, Test 12A)

Top pad (Maximum load, Test 12B)

Bottom pad (Maximum load, Test 12B)

Top pad (Maximum load, Test 12C)

Bottom pad (Maximum load, Test 12C)

Top pad (Minimum load, Test 13)

Bottom pad (Minimum load, Test 13)



222 

  
(a) (b) 

Figure E-34 Shear load vs. displacement of full-size F-0% pads: (a) negative cycles (b) positive 

cycles 

  
(a) (b) 

Figure E-35 Shear load vs. displacement of half-size E-2.5% pads: (a) pair 1 (b) pair 2 
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(a) (b) 

Figure E-36 Shear load vs. displacement of full-size E-2.5% pads (pair 1): (a) negative cycles (b) 

positive cycles 

  
(a) (b) 

Figure E-37 Shear load vs. displacement of full-size E-2.5% pads (pair 2): (a) negative cycles (b) 

positive cycles 
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(a) (b) 

Figure E-38 Shear load vs. displacement of half-size F-2.5% pads (pair 1): (a) negative cycles (b) 

positive cycles 

 

Figure E-39 Shear load vs. displacement of half-size F-2.5% pads (pair 2) 
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(a) (b) 

Figure E-40 Shear load vs. displacement of full-size F-2.5% pads (pair 1): (a) negative cycles (b) 

positive cycles 

  
(a) (b) 

Figure E-41 Shear load vs. displacement of full-size F-2.5% pads (pair 2): (a) negative cycles (b) 

positive cycles 
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Figure E-42 Shear load vs. displacement of half-size E-5% pads (pair 2) 

  
(a) (b) 

Figure E-43 Shear load vs. displacement of full-size E-5% pads: (a) pair 1 (b) pair 2 
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(a) (b) 

Figure E-44 Shear load vs. displacement of full-size F-5% pads (pair 1): (a) negative cycles (b) 

positive cycles 

  
(a) (b) 

Figure E-45 Shear load vs. displacement of full-size F-5% pads (pair 2): (a) negative cycles (b) 

positive cycles 
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(a) (b) 

Figure E-46 Shear load vs. displacement: (a) full-size K-0% pads; (b) full-size K-2.1% pads 

 

Figure E-47 Shear load vs. displacement of full-size K-4.2% pads  
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E.5 Slip test plots 

This section includes plots for shear force versus shear displacement data measured during 

slip tests. Shear displacements of the top and bottom pads were computed as the difference between 

the displacement of the middle plate assembly and the bearing plates in contact with respective 

pads. Shear force was measured using the horizontal (MTS) actuator. Data from slip tests 

performed in the negative and positive shear strain directions on the same pair of pads are plotted 

in separate plots. 

  
(a) (b) 

Figure E-48 Dry steel surface slip test data of half-size E-0% pads: (a) negative strain (b) 

positive strain 

  
(a) (b) 

Figure E-49 Slip test data of full-size E-0% pads: (a) Dry steel surface; (b) Wet steel surface 
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(a) (b) 

Figure E-50 Slip test data of full-size E-0% pads: (a) Dry concrete surface; (b) Wet concrete 

surface 

 

Figure E-51 Dry steel surface slip test data of half-size F-0% pads 
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(a) (b) 

Figure E-52 Slip test data of full-size F-0% pads: (a) Dry steel surface; (b) Dry concrete surface 

  

(a) (b) 

Figure E-53 Slip test data of full-size F-0% pads: (a) Wet steel surface; (b) Wet concrete surface 
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(a) (b) 

Figure E-54 Dry steel surface slip test data of half-size E-2.5% pads: (a) pair 1; (b) pair 2 

 

 

(a) (b) 

Figure E-55 Dry steel surface slip test data of full-size E-2.5% pads: (a) pair 1; (b) pair 2 
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Figure E-56 Dry concrete surface slip test data of full-size E-2.5% pads (pair 1) 

 

 

(a) (b) 

Figure E-57 Slip test data of full-size E-2.5% pads (pair 2): (a) With wet steel surface; (b) Wet 

concrete surface 
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(a) (b) 

Figure E-58 Dry steel surface slip test data of half-size F-2.5% pads: (a) pair 1; (b) pair 2 

  
(a) (b) 

Figure E-59 Dry steel surface slip test data of full-size F-2.5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-60 Slip test data of full-size F-2.5% pads: (a) Dry concrete surface (pair 1); (b) Wet 

steel surface (pair 2) 

 

 

(a) (b) 

Figure E-61 Dry steel surface slip test data of half-size E-5% pads: (a) pair 1; (b) pair 2 
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(a) (b) 

Figure E-62 Dry steel surface slip test data of full-size E-5% pads: (a) pair 1; (b) pair 2 

 

Figure E-63 Dry concrete surface slip test data of full-size E-5% pads (pair 1) 
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(a) (b) 

Figure E-64 Slip test data of full-size E-5% pads (pair 2): (a) Wet steel surface; (b) Wet concrete 

surface 

  
(a) (b) 

Figure E-65 Dry steel surface slip test data of full-size F-5% pads: (a) pair 1; (b) pair 2 

Shear displacement (in.)

S
h

ea
r 

fo
rc

e 
(k

ip
)

111-112-Pad-E-500-Full-wet-steel

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21
Average temperature = 85F

Top pad (Minimum load, Test 111)

Bottom pad (Minimum load, Test 111)

Top pad (Maximum load, Test 112)

Bottom pad (Maximum load, Test 112)

Shear displacement (in.)

S
h
ea

r 
fo

rc
e 

(k
ip

)

134-Pad-E-500-wet-concrete

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21
Average temperature = 78F

Top pad (Maximum load, Test 134)

Bottom pad (Maximum load, Test 134)

Shear displacement (in.)

S
h
ea

r 
fo

rc
e 

(k
ip

)

93-95-Pad-F-500-Full

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21
Average temperature = 70F

Top pad (Minimum load, Test 95)

Bottom pad (Minimum load, Test 95)

Shear displacement (in.)

S
h
ea

r 
fo

rc
e 

(k
ip

)

96-98-Pad-F-500-Full

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
-42

-33

-24

-15

-6

3

12

21
Average temperature = 76F

Top pad (Maximum load, Test 98)

Bottom pad (Maximum load, Test 98)



238 

 

Figure E-66 Dry concrete surface slip test data of full-size F-5% pads (pair 1) 

 

 

(a) (b) 

Figure E-67 Slip test data of full-size F-5% pads (pair 2): (a) Wet steel surface; (b) Wet concrete 

surface 
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(a) (b) 

Figure E-68 Slip test data of full-size K-0% pads (pair 2): (a) Dry steel surface; (b) Dry concrete 

surface 

  
(a) (b) 

Figure E-69 Slip test data of full-size K-0% pads (pair 2): (a) Wet steel surface; (b) Wet concrete 

surface 
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(a) (b) 

Figure E-70 Dry steel surface slip test data of full-size K-2.1% pads: (a) negative strain; (b) 

positive strain 

 

Figure E-71 Dry concrete surface slip test data of full-size K-2.1% pads 
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(a) (b) 

Figure E-72 Slip test data of full-size K-2.1% pads: (a) Wet steel surface; (b) Wet concrete 

surface 

 

 

(a) (b) 

Figure E-73 Slip test data of full-size K-4.2% pads: (a) Dry steel surface; (b) Dry concrete 

surface 
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(a) (b) 

Figure E-74 Slip test data of full-size K-4.2% pads: (a) Wet steel surface (pads slipped before 

applying complete axial load); (b) Wet concrete surface  
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