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ABSTRACT

During the last three decades, considerable research efforts have sought to improve the seismic
design of California highway bridges. However, the in-span hinge regions of concrete box-
girders have not been studied adequately. In-span hinges are classified as disturbed regions due
to the concentrated bearing loads and the possible existence of utility and maintenance openings,
which induce a three-dimensional (3D) behavior. Nevertheless, in-span hinges are commonly
designed as two-dimensional (2D) short cantilevers, following standard procedures in ACI318.
These designs typically lead to congested reinforcement, causing constructability concerns from
practical and economic aspects. In this study, the strength of in-span hinges is assessed using a
combined computational and experimental approach. For the experimental approach, five 1/3-
scale specimens were tested at the University of California, Berkeley. The computational
approach adopts nonlinear 3D finite elements that consider embedded reinforcement and
cracking behavior for the concrete. As a result of this study, the failure modes are identified and
realistic idealizations of the behavior and strength of the in-span hinges are developed aiming
toward an improved design for better constructability of these disturbed regions. The findings
from the experimental results revealed that in-span hinges fail with a combination of three failure

modes: (1) one-dimensional shear, (2) 2D strut-and-tie, and (3) punching shear.
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1 Introduction

Reinforced concrete (RC) box-girder bridges (with and without prestressing) are used
extensively in California and throughout the world. The 1994 Northridge, California, earthquake
caused the partial or complete collapse of 5 bridges, and damaged approximately 200 others
(EERI 2005). The California Department of Transportation (Caltrans) has been developing
design provisions for bridges based on significant research performed in the last three decades.
The research has been focused mainly on the seismic design of columns, foundations, bent caps,
and decks. Nevertheless, some issues of RC bridge design have still not been studied adequately.
This is the case for the in-span hinges of RC box girders, which are located at the bridge deck
and are used mainly to transmit vertical loads between two adjacent parts of the deck. Figure 1.1

shows photographs of in-span hinges in California bridges.

(a) Interstate 580 connector, San Rafael (b) Interstate 80 connector, Albany

Fig. 1.1 In-span hinges in RC box-girder bridges.

In-span hinges are necessary in RC box-girder bridges for two reasons (Caltrans 2006).
The first reason is to accommodate the longitudinal expansion and contraction resulting from

prestressed shortening, creep, shrinkage, and temperature variations. The second reason is to



allow independent vibrations of two adjacent bridge frames during an earthquake. If the
vibrations of the frames are out-of-phase, large relative displacements may develop. To prevent
unseating from such displacements, sufficient seat width and/or unseating prevention devices
must be provided. In the transverse direction, hinges are provided with shear keys to transmit
lateral shear forces generated by small earthquakes and service loads. For severe earthquakes, the
shear keys are designed as sacrificial elements to limit the amount of shear that is transferred

between the two adjacent bridge frames (Megally et al. 2002).

1.1 MOTIVATION AND OBJECTIVES

In-span hinges are used mainly to transmit vertical loads from one side of the hinge to the other.
From the stress gradient point of view, in-span hinges are classified as disturbed regions
characterized by a three-dimensional (3D) behavior induced by the concentrated bearing loads;
they may contain utility and maintenance openings. Nevertheless, they are commonly designed
as two-dimensional (2D) short cantilevers following standard procedure in ACI318 (ACI 2008;
Caltrans 2004). Accordingly, in-span hinges are designed using the sliding shear friction
concept, bending moment resistance, and a 2D strut-and-tie (SAT) model. These designs
typically lead to congested reinforcement causing constructability concerns from practical and
economical aspects.

The overall study program of in-span hinges is shown in Figure 1.2. This report focuses
on the tasks shown in boxes 1 to 6. Other tasks in boxes 7 to 13 will be addressed in a future
report. The study presented in this report aims at understanding the load path, the failure modes,
and the strength of typical in-span hinges designed and constructed in California. This objective
is achieved using a combined approach of computational and experimental research. The typical
in-span hinge characteristics of California RC box-girder bridges are determined based on a
survey of eight projects (box 1, Fig. 1.2). Findings from the experimental results revealed that in-
span hinges fail with a combination of three failure modes: (1) one-dimensional (1D) shear, (2)
2D SAT, and (3) punching shear. Based on the experimental and computational results of two
typical in-span hinges (phase I), three other specimens are designed and tested in phase II. The
design of these specimens in phase II is aimed to reduce the steel congestion and improve the

performance of in-span hinges. Another objective of the presented study is to determine the



influence of openings on the behavior and strength of in-span hinges. These openings are mainly
introduced for maintenance purposes to allow routine inspection of the bearings.

The experimental results presented in this report will be used in the future to calibrate
post-test finite element analysis (FEA) and to develop a nonlinear 3D SAT model, (boxes 8 and
9, Fig. 1.2). Subsequently, these models will be used to perform a parametric study and a
reliability analysis of the in-span hinges. The final goal of the overall project is to develop design
guidelines for the in-span hinges, which facilitate the hinge construction, inspection, repair, and
replacement of the elastomeric or polytetrafluoroethylene (PTFE) bearings. The characteristics
of the in-span hinge diaphragms used in this study correspond to configurations of bridges
typically constructed in California. However, the final product of the entire study will be general

enough to be applicable for box-girder bridges in other places in the U.S. and worldwide.

Bridge projects survey

Y
-~ Capacity estimate using
Definition of prototype .
in-span hinge analytical models —|
2 3
I
\ 4 ¢
Pre-test FE analysis -~ Phase | tests ~ Phase Il tests
|
Y ;
Development of Post-test calibration of Development of 3D
constitutive models < > FE models > nonlinear SAT
7 8 9
Reliability analysis Parametric study
10 11 Topology optimization
12
\ 4

Development of
> design guidelines
13

Fig. 1.2 Overview of study program.



1.2 COMPUTATIONAL APPROACH

In-span hinges are subjected to complex 3D loading conditions due to the discrete bearing
locations, the small aspect ratio of the seat, and the geometric discontinuities when utility
openings exist. Therefore, a 3D nonlinear FEA is conducted to the as-built in-span hinges of
phase I. The FEA is intended to provide detailed results of the stress state, damage initiation and
propagation, and deformation experienced in the in-span hinges. This task is conducted prior to
finalizing the test plans to predict the response of the test specimens for the purpose of
confirming the capacity of the test setup and for proper selection of the locations of the
instruments.

The 3D FEA is conducted using models developed with concrete brick element having a
trilinear displacement field and with embedded reinforcement. The nonlinear behavior of the
concrete is modeled using the total strain concept with a rotating-crack model and considering
linear tension softening. On the other hand, steel is modeled as an elastic-perfectly-plastic

material.

1.3 EXPERIMENTAL APPROACH

For the experimental program, five 1/3-scale specimens are tested in two phases, I and II, in the
structural engineering laboratory at the University of California, Berkeley. In the specimen
configuration, the bottom half of the in-span hinge is constructed and tested in a 90° rotated
position to simplify the loading application to be horizontal instead of vertical. The specimens
are subjected to cyclic compression forces at the bearing locations at a quasi-static rate. For
phase I, two specimens are tested. These specimens represent the as-built condition of typical in-
span hinges of California RC box-girder bridges. Specimen 2 is detailed identical to specimen 1,
but it contains utility openings to study the effect of such openings on the structural behavior of
in-span hinges.

For phase II, three specimens are designed and tested. The designs of these specimens are
based on the experimental results from phase I. Specimen 3 is designed identical to specimen 2
but has a larger loading plate to increase the punching shear capacity. Specimens 4 (without
openings analogous to specimen 1) and 5 (with openings analogous to specimen 2) are designed
with low reinforcement ratios aiming toward improving the performance and the constructability

of in-span hinges.



1.4 ORGANIZATION OF REPORT

The present chapter, as discussed above, motivates the research project and introduces the
fundamental aspects of in-span hinges for RC box-girder bridges in California. Chapter 2
presents the background of in-span hinges. In this chapter, a review of eight Caltrans projects is
conducted to determine the main characteristics of in-span hinges built in California.
Additionally, the in-span hinge design procedures are described. Moreover, Chapter 2 describes
details about headed bars, which are extensively used in current designs of the in-span hinges in
California.

The development of the experimental program is described in Chapter 3. Based on the
review of the eight Caltrans projects in Chapter 2, a prototype in-span hinge is defined as the
basis for the experimental program. Subsequently, the test matrix and test subassembly
development are discussed. Finally, the test setup, instrumentation, and load protocol are
presented at the conclusion of Chapter 3.

Chapter 4 describes the FEA conducted prior to the execution of the experimental
program. Modeling aspects of RC in 3D with the use of embedded reinforcement are presented.
This FE model is used to predict the behavior and strength of the first two specimens tested in
phase I.

The experimental program of phase I is presented in Chapter 5. The design and the
experimental results of the first two specimens with as-built in-span hinge characteristics are
described in this chapter. The failure mechanism of as-built in-span hinges is identified and the
comparison with the pre-test FEA is described. The experimental program of phase II is
presented in Chapter 6. Three additional specimens are designed based on the behavior of the as-
built in-span hinges of phase I. The test results of these new designs are presented and compared
with the results of the as-built in-span hinges. At the end of Chapter 6, the analytical equations to
assess the capacity of in-span hinges are discussed in light of the findings from tested specimens
in phases I and II.

Finally, Chapter 7 presents the conclusion of this research project. An outline of the
proposed future research activities to refine the FE model and perform a parametric study is also

presented in this chapter.



Appendix A presents detailed design drawings of the tested five specimens; Appendix B
presents the concrete and steel material properties obtained from quality control test specimens;

and Appendix C describes the load cells fabrication and calibration.



2 Background

This chapter contains background information related to existing box-girder bridges in California
to identify typical in-span hinge characteristics. Additionally, information about in-span hinge
design loads and a brief background on headed reinforcement, used in modern details of in-span

hinges, are given at the end of this chapter.

2.1 SEAT-WIDTH CALCULATION

To avoid unseating from the relative displacements induced by earthquakes of two adjacent
bridge frames, sufficient seat width must be provided at the in-span hinges. To prevent high
relative displacement at the in-span hinge, Caltrans (2006) recommends that the fundamental
periods of vibration in the longitudinal and transversal directions of two adjacent frames satisfy
the following condition:

207 2.1)

J
where T, and 7, are the natural periods of the less and more flexible frames, respectively. When

the previous equation is not satisfied, the out-of-phase response between the two adjacent frames
increases and the probability of unseating and collision also increases. The collision between
adjacent frames will transfer seismic demands between each other, which can be critical for the
capacity of each individual frame.

The seat width of an in-span hinge has to accommodate thermal movement, prestressed
shortening, creep, shrinkage, and the relative earthquake displacement demand between the two
frames (Caltrans 2006). The seat width N is calculated using the following Caltrans equation,
but should not be taken less than 24" (600 mm):

N2A,, +A, ., +A,, +A, +2 [in]

NzA, +A, ., +A,,, +A, +10 [mm] (2.2)

cr+sh temp



where A, A A are the displacement due to the prestressed shortening, creep and

cr+sh ? temp

shrinkage, thermal expansion or contraction, respectively, and A is the relative displacement

from the earthquake demand between the two frames, obtained from the displacement demand of
each individual frame.

The seat width recommended by AASHTO (2002) is given by a simpler equation that
depends on the bridge geometry and the seismic hazard level. The seat width for bridges located
in high seismic areas (seismic categories C and D), which is common in California, is given by

N >12+0.03L+0.12H [in.]
N>305+25L+10H  [mm] (2.3)

where L is the total span in feet (meter) and H is the average height in feet (meter) of the

adjacent two columns of the in-span hinge.

2.2 TYPICAL IN-SPAN HINGE CHARACTERISTICS OF CALIFORNIA BOX-
GIRDER BRIDGES

The representative dimension of a typical box-girder bridge in California was obtained from a
study realized by Mosalam et al. (2002). In this study, the authors conducted a geometry survey
for 16 box-girder bridges located in California. Based on this survey, they identified the
following representative dimensions: bridge span of 150 ft (45.72 m), web spacing of 130" (3300
mm), cap beam height of 62" (1570 mm), box web width of 12" (305 mm), deck slab thickness
of 8.3" (211 mm), and soffit slab thickness of 6.9" (175 mm).

To identify the typical in-span hinge characteristics of box-girder bridges, a survey
initiated by Dwight (2006) was continued in this study. The survey was restricted to bridges built
in California and to the bridge standard details sheets of Caltrans (2007). The survey considered
a total of eight projects, listed in Table 2.1.



Table 2.1 List of Caltrans projects.

Project Name
1 Standard Caltrans drawing XS1-010, box-girder hinge detail elastomeric,
1994
’ Standard Caltrans drawing XS1-020, box girder 610 mm hinge elastomeric,
1992
3 Standard Caltrans drawing XS1-160, prestressed box girder 610 mm hinge

elastomeric, 1986
SFOBB San Francisco approach (replace) mainline, bridge number 34-
0126RL, 2001

80/580 Interchange replacement, project plan, bridge number 33-51R, 2000

Truckee bridge river & overhead, bridge number 17-98, 1998
E91-S241 Connector overcrossing, bridge number 55-793G, 1999
405-55 Hov connector OC, bridge number 55-952E, 1999

0 I[N | B

2.2.1 General Characteristics

Based on the projects listed in Table 2.1, two types of in-span hinges are identified in box-girder
bridges. The first type has a continuous diaphragm throughout the deck width and has small
utility openings. The second type does not have a continuous diaphragm throughout the deck
width and has large openings. The two types of in-span hinges are shown in Figure 2.1. The
utility openings are introduced for maintenance purposes to allow routine inspection of the
bearings. Additionally, smaller circular openings are provided in the diaphragm to install
restrainers, as shown in Figure 2.1a. The first type of in-span hinges is used in short-span bridges
where the depth of the girder is relatively small. This small depth requires a continuous
diaphragm through the whole deck width to adequately transfer the vertical loads between the
two sides of the in-span hinge, as shown in Figure 2.1a. The second type of in-span hinges is
used in long-span bridges where the depth of the girder is deeper and a continuous diaphragm

may not be required to transfer the vertical loads.
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Fig. 2.1 Types of in-span hinges in box-girder bridges (not in same scale).

The geometry of the in-span hinge is also affected by the presence of prestressing
reinforcement in the box girders. For prestressed box girders, the diaphragm of the in-span hinge
is divided into two parts with a construction joint, as shown in Figure 2.2a. The end diaphragm
with prestressed blockout, shaded part in Figure 2.2a, is constructed monolithically with the
webs, soffit, and deck slabs of the box girder, as shown in Figure 2.3a. This region is used to
post-tension the steel tendons from the webs and slabs of the box girder. Before casting the
concrete, embedded connection steel are installed, as shown in Figures 2.2a and 2.3b.
Subsequently, the non-shaded part (see Fig. 2.2a) of the diaphragm and the seat are cast together
anchoring the connection steel. For a non-prestressed box girder, the diaphragm does not have a
construction joint. In this case, the diaphragm and the seat are cast monolithically with the webs
and slabs of the box girder, as shown in Figure 2.2b. The prestressed box girders are
characterized by having smaller depths. Therefore, in-span hinges in this case are more critical

than for the non-prestressed box girders.
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Fig. 2.2 In-span hinge cross sections for box girders with and without prestressed steel.
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Fig. 2.3 End diaphragm with prestressed blockout.
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Most in-span hinges contain shear keys to transfer the transverse service deck load
between the two sides of the hinge (California 2006). For severe earthquakes, the shear keys are
designed as sacrificial elements to limit the amount of shear that is transferred between the two
adjacent bridge frames (Megally et al. 2002). Each shear key must have an adequate gap around
it to eliminate binding of the two sides of the in-span hinge under service operation and to ensure
lateral rotation, minimizing moment transfer across the in-span hinge. Based on the survey
above, two types of shear keys are identified. The first type is constructed vertically on top of the
seat. The second type is constructed horizontally extending a portion of the seat width.

The bearing pads transfer the vertical load between the two sides of the in-span hinge.
Two types of bearing pads are identified in the survey. The first type is the PTFE
(polytetrafluoroethylene) bearing pad. It is made of steel and has two sliding surfaces covered
with a PTFE layer. The second type of bearing pad is the elastomeric bearing. It is made of
rubber with embedded steel layers and has one planar horizontal sliding surface. This sliding
surface is also covered with a PTFE layer. Both types of bearings are located on the seat, as
shown in Figure 2.2. In most bridges, the bearings are centered with respect to the seat, but
sometimes they are installed with an eccentricity. The distance between the bearings along the
diaphragm length is equal to the web spacing of the box girder, and these bearings are generally
located at the axis of each web, as shown in the cross sections of Figure 2.1.

After the collapse of several bridges in the 1971 San Fernando earthquake, the California
Department of Transportation initiated a retrofit program to install cable restrainers at in-span
bridge hinges of short seat width to reduce the risk of unseating (DesRoches and Fenves 2001).
The restrainers are horizontal steel cables or rods that are installed to connect the diaphragms on
each side of the in-span hinge to prevent unseating during earthquake motion. The Seismic
Design Criteria (Caltrans 2006) specifies that a restrainer unit shall be placed at least in every
other box-girder cell and that each hinge should be provided with a minimum of two restrainers.
The installation of restrainers requires special openings or embedded tubes as shown in Figures
2.1a and 2.3. Additionally, equalizing bolts are usually installed at the in-span hinges. They are
designed for service loads and are considered sacrificial during an earthquake.

Finally, all in-span hinges are provided with a joint seal assembly to provide continuity to
the deck slab, as shown in Figure 2.1. This assembly makes the geometry of the two sides of the
in-span hinge asymmetrical. The summary of the in-span hinge characteristics of the considered

projects in this study is listed in Table 2.2.

12



Table 2.2 In-span hinge characteristics of considered Caltrans projects.

Fraffest Diaphragm Prestrc?ssed Shear Restrainers Bearing
type box girder key pad
1 Continuous No Vertical Yes Elastomeric
2 Continuous No Vertical Yes Elastomeric
3 Continuous Yes Vertical Yes Elastomeric
4 Continuous Yes None Yes PTFE
5 Discontinuous Yes Horizontal Yes PTFE
6 Discontinuous Yes Horizontal Yes PTFE
7 Continuous Yes Vertical Yes Elastomeric
8 Continuous Yes Vertical Yes Elastomeric

Table 2.3 summarizes the dimensions of the in-span hinges of the selected eight projects.

For clarity, these geometric parameters are illustrated in Figure 2.4. In Table 2.3, 4, is the
diaphragm height, 4
seat height, » is the seat width and pp is the bearing plate size. Also in Table 2.3, o =5/h is the

seat aspect ratio and y=¢/b is the bearing eccentricity ratio with eccentricity e as defined in

Figure 2.4.

b _total

db
—L
b .
H—
p
-
I db _total l b

Fig. 2.4 Dimensions of in-span hinge.
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is the total diaphragm width, ¢, is the hinge diaphragm width, 4 is the




Table 2.3 In-span hinge dimensions of considered Caltrans projects [in. (mm)].

PrOj ect dh db _total db h b bp o 7/

63 17 17 33 14 9.8
(1600) | (432) | (432) | (838) | (356) | (250)
77 | 206 | 206 | 37.8 | 236 | 98

1 0.42 0

211950y | (525) | (525) | (960) | (600) | (250) | O€* | ©
X 7| 413 | 236 | 318 | 236 | 98 | oo |
(1950) | (1050) | (600) | (960) | (600) | 250y |
72 | 54 | 24 | 33 | 4 | 13
1 as30) | (1370) | 610) | (838) | 1070y | 330y | 127 | 017
5 68 | 78 | 42 | 30 | 35 | 138 | |
(1730) | (1980) | (1070) | (762) | (889) | 330y | !
o |94 |8 [ 9 | 33 | 52 | 203 | o] o

(2390) | (2500) | (1500) | (838) | (1320) | (515)

130 | 48 | 24 | 50 | 36 | 18
T 1 3300) | (1220) | (610) | (1270) | (914) | @57y | 072 | 008

112 | 574 | 335 | 45 | 433 | 16
8 | (2850) | (1460) | (850) | (1140) | (1100) | 410y | ©¢ | 007

2.2.2 Reinforcing Steel Characteristics

Reinforcing steel bars within the in-span hinge regions suffer from congestion, which makes
these regions difficult and expensive to construct (see Fig. 2.5). For prestressed box girders, the
in-span hinges are more critical than for RC box girders. For the former case, the ratio between
the vertical load transmitted by the in-span hinge and the depth of the box girder is larger than in
the latter case. In other words, to transfer the same vertical load, the available space for the seat
height is smaller for prestressed box-girder bridges than for RC ones.

Because in-span hinges of prestressed box girders are more critical, this study is focused
on those types of hinges. Two examples of reinforcing steel details of in-span hinges are shown
in Figure 2.6. The figure shows the details of projects 3 and 4 from Table 2.1, both having
prestressed box girders, which are characterized by a construction joint in the diaphragm. The
left side of the hinge of project 3 does not have prestressed box girders in this case because the

hinge is located at the vicinity of the bridge bent.
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Fig. 2.5 Reinforcement congestion of in-span hinge of prestressed box-girder bridge.

To obtain representative reinforcing steel details of in-span hinges, projects 3—8 in Table
2.1 are considered. These six projects are characterized by having prestressed box girders. Based
on these projects, several characteristics of the reinforcing steel details are identified. It is to be
noted that some hinges have headed bars to reduce steel congestion, as shown in Figure 2.6b.
Welding of bars is also identified as a way to reduce steel congestion.

To connect the diaphragm of the in-span hinge through the construction joint, connection
bars are embedded in the diaphragm, as show previously in Figures 2.2a and 2.3. These bars are
mostly horizontal, but some projects also have diagonal connection bars, as shown in Figure
2.6b. These bars start at the end diaphragm with prestressed blockout and end in the hinge
diaphragm crossing the construction joint. In some cases, the connection bars end at the edge of
the seat, as shown by the bar labeled 19 compared with that labeled 36 in Figure 2.6b.

The seat is detailed with horizontal bars distributed throughout the seat height. In some
cases, these horizontal bars are concentrated in the bearing region to increase the bending
capacity of the seat. Every project has diagonal bars at the seat, as shown by the bar labeled 10 in
Figure 2.6b and at least one vertical bar at the edge of the seat, as shown by the bar labeled 11.

Moreover, some projects have distributed vertical bars throughout the seat width.
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Fig. 2.6 In-span hinge reinforcing steel details.

The in-span hinges are detailed with longitudinal bars in the direction of the diaphragm.
Most of these bars are concentrated at the seat, to confine the concrete adjacent to the bearing

plates and to provide resistance to bending moments acting in the longitudinal direction of the

diaphragm.
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Finally, some projects are characterized by a concentrated (smaller) spacing of the steel

in the vicinity of the bearings. The reinforcing steel characteristics of the six projects with

prestressed box girders are summarized in Table 2.4. The reinforcing steel ratios of these projects

are defined in Equation (2.4) and are listed in Table 2.5. In this table, p, is the ratio of the

horizontal steel in the diaphragm with prestressed blockout, p, is the ratio of the vertical steel in

the hinge diaphragm (the part of the diaphragm that is located beyond the construction joint), and

p,, 1s the ratio of the diagonal connection steel in the diaphragm. Also in Table 2.5, p_, is the

ratio of horizontal steel in the seat, p_ is the ratio of vertical steel in the seat, p , is the ratio of

diagonal steel in the seat, and p, is the ratio of longitudinal steel in the whole in-span hinge

region beyond the construction joint. Note that s used in Equation (2.4) represents the associated

spacing to each bar type. All of these reinforcing steel ratios are designated in Figure 2.7.

Table 2.4 Reinforcing steel characteristics of considered prestressed box-girder Caltrans

projects.
Project
Property 3 4 5 6 7 8
Headed bars No Yes Yes No No Yes
Welded bars No No No Yes No No
Diagonal connection bars No Yes No No Yes Yes
Connection bars extended
to the end of the seat No Yes No No No No
Diagonal bars at the seat Yes Yes Yes Yes Yes Yes
Distributed vertical bars
throughout the seat width No No Yes Yes No No
C.OI.lc.e ntrated st‘eel at No Yes Yes Yes No No
vicinity of bearings
_ Adh _ Adv Add
Pan d, -s Pa d, s Paa d, s
_ Arh _ Asv _ Ard
psh_h s psv b‘S psd_h s
_ Alon
Pl d,-d, +b-h
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Table 2.5 In-span hinge reinforcing steel ratios (%) of considered prestressed box-girder
Caltrans projects.

Project Pan Pav Pai Pn P Psa Pion

3 0.34 0.54 0.00 0.77 0.24 0.20 0.33
0.87 0.61 0.07 1.53 0.24 0.30 0.47
0.86 1.05 0.00 1.95 0.88 0.28 0.89
0.64 0.42 0.00 1.24 0.92 0.25 0.17
0.33 1.10 0.10 0.94 0.37 0.26 0.62
0.33 0.74 0.11 0.59 0.28 0.28 0.53

||| N |

I_ / I .‘/.‘

p dh
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Fig. 2.7 Reinforcing steel ratios of in-span hinge.

23 IN-SPAN HINGE DESIGN LOAD

In-span hinges are designed to transfer vertical and horizontal loads. The design loads are
calculated for each particular project using the geometry of the bridge, the location of the hinge,
and the required traffic load. Nevertheless, Caltrans (2007) recommends vertical and horizontal
design loads on the standard drawings. These recommended design loads depend on the girder
depth and the prestressing condition of the box girder. The factored vertical hinge loads for
prestressed and non-prestressed box-girder bridges are given in Table 2.6.

To check the design load proposed by Caltrans, an elastic analysis of a bridge frame is
conducted. The representative box-girder bridge frame is obtained from Vlassis et al. (2004) and
is shown in Figure 2.8. Considering a one-lane bridge model and the Caltrans load combinations
(Caltrans 2004), the maximum factored vertical load at the in-span hinges occurs at the left
hinge, labeled (A) in Figure 2.8. From the elastic analysis, the factored load at this hinge is 212
kip (943 kN), which is equivalent to 21.2 kip/ft (309 kN/m) for a typical lane width. Using Table
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2.6 and a girder depth of 5' 2" (1.6 m), the suggested factored design load using the Caltrans
recommendation is 50.4 kip/ft (735 kN/m). Therefore, for this representative bridge frame, the
Caltrans factored design load is conservatively 2.4 times larger than the load obtained using an
elastic bridge analysis. This preliminary observation explains the possible overdesign and

reinforcement congestion of the in-span hinge region.

Table 2.6 Factored vertical design loads per unit length along bridge width, for in-span
hinge seats.

Non-prestressed box girder Prestressed box girder
Girder depth Seat load Girder depth Seat load
[in (mm)] [kip/ft (kN/m)] [in (mm)] [kip/ft (kN/m)]
35.4 (900) 25.0 (365) 35.4 (900) 25.0 (365)
47.2 (1200) 32.0 (467) 47.2 (1200) 38.1 (555)
59.1 (1500) 37.1 (540) 59.1 (1500) 47.1 (686)
70.9 (1800) 43.0 (627) 70.9 (1800) 57.1(832)
82.7 (2100) 50.1 (730) 82.7 (2100) 69.1 (1007)
>94.5 (>2400) 58.1 (846) >94.5 (>2400) 83.1 (1211)
De/ti(A) 152" (1.6m)

72’ 2" (22m) |82 0" (25m)
e

154’'2” (47m)

‘J;|I]25' 4’ (7.7m)£]

. 36" 17 59’ 17
98'5" (30m) | 78'9 (24m)”(11m):|‘ 98’ 5” (30m) =L (18m)
177 27 (54m) |‘1 93’ 7”7 (59m)
524’ 11” (160m)

Fig. 2.8 Representative box-girder bridge frame.

24 IN-SPAN HINGE DESIGN METHOD

The current Caltrans design method for in-span hinges (Caltrans 2004) in based on ACI
requirements for short cantilevers (ACI 2008). Accordingly, three analytical models are used to
evaluate the capacity of in-span hinges: sliding shear friction, moment resistance, and strut-and-
tie (SAT). This capacity is evaluated using two critical sections, at the seat and at the
construction joint of the diaphragm. In this study, two additional analytical models are used to
evaluate the capacity of in-span hinges, namely 1D shear (referred to in the following as “shear”

for simplicity) and punching shear. The punching shear model is included because the discrete
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load of the bearings induces a 3D stress state of the hinge region that may produce this type of

failure.

2.4.1 Sliding Shear Friction Model

The sliding shear friction model assumes that a full crack develops through the sliding interface.
Reinforcing steel must be provided across this crack to resist relative displacements. The

assumed shear plane for the seat and diaphragm of an in-span hinge are shown in Figure 2.9.

Al b=
VT
~ ™~
Assumed shear plane Assumed shear plane
at the diaphragm at the seat

Fig. 2.9 Assumed shear planes in sliding shear friction model.

Using the ACI provisions (ACI 2008), the shear friction capacity of the in-span hinge is
given by

V,=A,fu (2.5)
where 4, is the area of reinforcing steel crossing the sliding interface, f, is the yielding

strength of the reinforcing steel and u is the coefficient of friction. This coefficient is taken as
1.44 for concrete cast monolithically and 1.04 for concrete placed against hardened concrete
with surface intentionally roughened. The former case is applicable to the seat, i.e., V' and the
latter case is applicable to the diaphragm at the construction joint, i.e.,V,,. The coefficient A is

1.0 for normal-weight concrete. When shear friction steel is inclined to the shear plane, as in the
case of the in-span hinges, the capacity is given by

V.= Ay f (esiny +cosy) (2.6)

where  is the angle between the shear friction reinforcement and the sliding plane. The ACI
provisions (ACI 2008) specify upper limits for shear strength because Equations (2.5) and (2.6)

are not conservative for high values of V. The upper limit for the shear strength is given by
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v < 0.2cA, [psi, in units] 2.7)
8004,

where A, is the area of a concrete section resisting the shear transfer and f is the 28-day
concrete compressive strength of a standard cylinder. For in-span hinges with utility openings,

A, is computed by subtracting the areas of the openings.

2.4.2 Moment-Resisting Model

The moment-resisting capacity of an in-span hinge is evaluated at the seat and at the diaphragm
as shown in Figure 2.10. This moment capacity is usually computed using the whole bridge

width. The moment strength M, at both sections is calculated using the ACI approach (ACI

2008). In this approach, an equivalent rectangular compression stress block is assumed in the
concrete, and the neutral axis is computed using equilibrium adopting the Bernoulli’s assumption
that a plane section remains plane after bending (linear strain distribution along the depth). When
evaluating the forces at each reinforcing bar, the corresponding location (and associated strain
which is assumed the same for the concrete and the adjacent reinforcing steel, i.e., full bond

without slip between the steel and the concrete) of the reinforcement is considered.

Fig. 2.10 Moment-resisting model.

After computing the moment strength at the two sections, the capacity of the in-span
hinge using the seat strength and the diaphragm strength is given by
M V Mnd

ns

V = = (2.8)
" b2 " b2+d,
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2.4.3 SAT Model

The SAT model is commonly used to design discontinuity regions, known as D-regions, where
the classical beam theory does not apply (Macgregor 2005; Schlaich et al. 1987). The SAT
model consists of concrete compressive struts, reinforcement tension ties, and nodal zones.
Using the lower-bound theorem of plasticity, any SAT model that satisfies equilibrium and does
not violate the yield criteria provides a lower-bound estimate of the capacity of an elastic-
perfectly-plastic material. According to ACI provisions (ACI 2008), the stress limit for a

compression strut is given by

[ =0.858.f. 2.9)

where the parameter S depends on the shape of the strut, and on the presence of crack control

reinforcement. For the case of a tie, the nominal strength is given by

F,=4,f, (2.10)
where A, is the reinforcing steel area of the tie. The points at which the forces in a SAT model
meet are referred to as nodes. The concrete surrounding a node is referred to as a nodal zone. The
nominal compressive strength of a nodal zone is given by

F,=f.4 (2.11)
where f, is the effective strength of the concrete in the nodal zone and 4, is the area of the

nz

face of the nodal zone perpendicular to the axis of the force. The effective strength of the

concrete 1s computed from

f.. =0858,1. (2.12)

where the parameter £, depends on the type of forces acting on a nodal zone with B, =1.0 for
Compression-Compression-Compression (C-C-C) node, g, =0.8 for compression-compression-

tension (C-C-T) node and g, = 0.6 for compression-tension-tension (C-T-T) node.

2.4.4 Shear Model

The 1D shear model is also included in this study to determine the capacity of in-span hinges.
The shear failure surface in this case is shown in Figure 2.11, where it is assumed that the shear

surface is continuous throughout the whole diaphragm length.
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45”\

Shear failure

Fig. 2.11 Shear failure model.

The shear capacity of the in-span hinge is obtained using the ACI provisions (ACI 2008),

where the total shear resistance is the sum of the contributions from the concrete (7,) and the
transverse reinforcing steel (7)), i.e.,

V,=V.+V,
The concrete contribution is simply give by
v, = 2\/76'17w d [psi, in units] (2.14)
where 5, is the width, which is equivalent to the total length of the diaphragm; and 4 1is the

(2.13)

effective seat depth. For the case of in-span hinges, the contribution to the shear resistance is

given by vertical and diagonal reinforcing bars ( 4, ) that cross the shear plane defined in Figure

2.11. Accordingly, the reinforcement contributions are computed for such bars as follows:
V,=A, f, sin0 (2.15)
where £ is the yield strength of the transverse steel and 6 is the acute angle between the

diagonal reinforcement and the longitudinal axis of the member. Note that for vertical bars, 8= 7

2and v, = Af,-

2.4.5 Punching Shear Failure Model

In this study, a punching shear failure model is also considered to determine the capacity of the
in-span hinge. This failure mode is included because the discrete load at the bearings induces a
3D stress state that can cause punching shear failure of the seat. The failure surface at the seat is

a 3D truncated cone, and the cross section at the bearing is shown in Figure 2.12a.
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Fig. 2.12 Punching shear failure.

The punching shear capacity of the in-span hinge is obtained using the ACI approach for
slabs (ACI 2008). The total shear resistance is again given by Equation (2.13). For slabs having
shear reinforcement, as the case of the in-span hinges, the concrete strength for normal-weight
concrete is

v.=2fb,d [psi, in units] (2.16)
where d is the effective seat depth and 5, is the critical perimeter defined in Figure 2.12b. The
shear resistance attributed to the transverse reinforcement is computed using Equation (2.15)
considering the bars that cross the conical failure surface illustrated in Figure 2.12. The diagonal
bars of the seat act as inclined transverse reinforcement in the case of the in-span hinges. Finally,

the total punching shear strength is limited in the ACI provisions (ACI 2008) by

V,<6yfb,d [psi, in units] (2.17)

2.5 HEADED REINFORCEMENT

Headed reinforcement has been shown to be effective in reducing steel congestion, improving
bond, increasing confinement and assisting in the development of local SAT models. Application
of headed reinforcement to in-span hinges is clearly appropriate to reduce steel congestion and to
provide adequate reinforcement development in the relatively small hinge region. The bond

stress between the reinforcing steel bars and the surrounding concrete must be sufficient to resist
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the tensile loading of the bar which often requires an impractical development length for the
design scenario. There may be situations in which requirements for lap slices and straight bar
anchorage cannot be satisfied within the available in-span hinge dimensions. Furthermore, using
hooked bars to shorten the overall anchorage length can create steel congestion, especially for
bars with large diameters requiring large hooks, leading to overly complicated construction
region.

The historical use of headed bars started with the application of headed stud anchors in
the 1960s (McMackin et al. 1973). Stud anchors are commonly used in composite construction to
provide shear transfer between the steel girder and the RC slab. In the 1970s, shear studs were
used in RC slabs to provide punching shear resistance (McMackin et al. 1973). In 1974, research
funded by Caltrans studied headed reinforcement to determine a method to anchor large diameter
bars in bridge structures (Stoker et al. 1974) where three methods of attaching heads to the end of
bars were investigated. The commercial use of headed bars began in 1986, by a Norwegian
contractor for the design and construction of offshore oil structures (Mitchel and Rooney 1994).
This Norwegian contractor in association with the British company Metalock started mass
production of headed bars. Subsequently, headed bars have been extensively used, e.g., in bridge
beam-column joints (Naito et al. 2001; Mosalam et al. 2002), in bridge columns (Lehman et al.
2001) to repair pier walls (Haroun et al. 2000) and for ties in walls and columns (Dilger and

Ghali 1997).

2.5.1 Types of Headed Reinforcement

Headed bars in the U.S. are fabricated by many companies. Caltrans (2005) provides a pre-
qualified list of products from five different companies: Headed Reinforcement Corporation
(HRC), ERICO, Dayton/Richmond, Bar Splice Products, and Dextra America. The headed bars
from the first two companies are detailed below because of their relevance to the present
experimental and computational study on in-span hinges.

HRC’s headed bars are manufactured by pressing the end of a deformed reinforcing bar
onto a spinning plate. The heat produced by the friction between the deformed bar and the plate
causes the material from the bar to melt and form a weld below the head. The friction technique
results in a mushroom-shaped weld at the plate connection, as shown in Figure 2.13a. The

welded connection has a net section larger than the bar diameter, which ensures the full
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development capacity of the bar (Naito et al. 2001). HRC produces bars with square, circular,
rectangular, and oval terminator shapes. The shape of the plate is often chosen in such a way to
accommodate for construction where access may be limited or in heavily reinforced regions
(Berner et. al 1991). For this in-span hinge project, HRC fabricated #3 headed bars with welded
terminator, as shown in Figure 2.13b. A classical welded connection instead of a friction-welded
connection was used for these bars because HRC does not typically produce #3 headed bars. To
perform the classical weld connection, a hole is made in the circular terminator and the end of
the bar is introduced into this hole. Subsequently, the bar is welded as shown in Figure 2.13b.
The other major headed bar manufacturer is Electric Railway Improvement Company
(ERICO), which produces their reinforcement by using a tapered thread connection between the
bar and a nut that is screwed onto the bar to provide a head. This splicing device is known as a
LENTON® terminator and is shown in Figure 2.14 (Thompson et al. 2002). The advantage of
this terminator is that it can easily be installed in the field. However, this terminator cannot be
used to completely eliminate the need for a development length. The tensile strength is limited to
the thread capacity, which may not allow for full development of the bar anchorage (Naito et al.

2001).

(a) Friction welded (#4 and larger bars) (b) Welded (#3 bars)
Fig. 2.13 HRC terminators.

Fig. 2.14 ERICO threaded terminator.
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The fabrication of headed reinforcement in the U.S. is standardized by the ASTM
specifications for headed bars (ASTM 1997). The specifications require that the steel of the
headed bars to have a minimum yield strength of 60 ksi (or be Grade 60 bars) and specify the
welding procedure for classically welded, friction welded and threaded terminator. Finally, low-
alloy steel bars which conform to Specification ASTM A706 should be used to manufacture
welded headed bars. This specification limits the chemical composition and carbon equivalence

which allows a greater ability for the material to be welded (ASTM 2004b).

2.5.2 Capacity of Headed Reinforcement

The development length of headed bars in tension was incorporated in the ACI provisions in
2008 (ACI 2008). These provisions establish that to reduce the development length of a headed
bar in tension, the following conditions must be satisfied: (1) the neat bearing area of the head
should not be less than 4 times the area of the bar, (2) the clear cover should be at least 2 times

the bar diameter, d,, and (3) the clear spacing should not be less than 4 times d,. The
development length /, for headed bars in tension is given by

l, = % d, > {861” [psi, in units] (2.18)
't ' 6"

fC

where y, is 1.0 for uncoated reinforcement. Equation (2.18) was obtained from a simplification

of a recent work performed by Thompson et al. (2006b). In this study, they suggested more
sophisticated design equations for the anchorage of headed reinforcement for two common
conditions: anchorage for CCT nodes, and anchorage for lap splices. These design equations are
based on the experimental results of 40 beams reported by Thompson et al. (2005, 2006a) and
are described below.

The design model for anchorage of headed bars includes two components: (1) the head
bearing stress and (2) the bond stress. These components are calculated separately, and together
contribute to the total bar anchorage capacity. The head bearing capacity is based on existing

ACI equation for bearing strength. The anchorage stress provided by the head is computed as

c | |4
end =14 [ — | [
fs,hwd l//ﬁ[de Ab

where ¥ is the radial disturbance factor that depends on the cover and the size of the head, ¢ is

(2.19)

the concrete cover, 4, is the net head area (gross area of the head minus the area of the bar), and
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A, 1s the reinforcing bar area. It is proposed that a radial disturbance factor of 1.0 can be used
conservatively in the calculations. The stress provided by Equation (2.19) is a characteristic
strength in such a way that 5% of the tests showed a capacity lower than this equation.

The bond capacity of a headed bar is determined using the ACI equation for development

length with a modification factor y. This modification factor takes into account the reduction in

bond stress that occurs from adding the head to the bar which is given by

y=1- 0.7(14””5/Abj >0.3 (2.20)
Using this reduction factor, the bond contribution to the total bar anchorage capacity is given by
L
fv bond = Z( “ jf‘} (221)
: L,

where L, is the available anchorage length and L, is the required development length calculated
according to the ACI provisions (ACI 2008). With clear spacing not less than 24, and clear

cover not less than d,, the development length is given by

[ | LYY
T sar

where the parameter y, accounts for the position of the reinforcement and reflects the adverse

}db [psi, in units] (2.22)

effects of the top reinforcement. For normal cases i, is taken as 1.0. The parameter S accounts

for the bar size, which is taken as 20 for bars #7 and larger, and is taken as 25 for bars #6 and
smaller.

The required anchorage length of headed bars for cover ratios ¢/d, and typical head
ratios 4, /A4, is listed in Table 2.7. The table is computed considering f. = 5ksi (34.5 MPa) and
f, =60ksi (414 MPa). For different cover and head ratios, the anchorage stress f , ., is

computed using Equation (2.19). The remaining stress to reach yielding of the reinforcement has

to be resisted by bond, i.e., f,, .. Finally, the required anchorage length L, /L, is computed

using Equation (2.21). The last column of Table 2.7 represents the required anchorage length
L,/L, using Equation (2.18) of the ACI (2008). The table shows that for typical head ratios, a

minimum c¢/d, =2 is required to reduce the development length Z,.
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Table 2.7 Anchorage length L /L, of headed bars.

c/d A,/4 S head fx’bo,nd La/Lq i, L
vl ki (MPay] [li‘f‘%“M“lfS] Thog%%%‘;ft al- - Acr 2008)

1 9 210 (145) | 39.0 ( 269) 2.17 i
I 10| 22.1(153) | 37.9(261) 2.10 i
I 11| 2320160) | 36.8(254) 2.04 i
2 9 42.0(290) | 18.0 (124) 1.00 0.40
2 10 | 443(305) | 15.7(108) 0.87 0.40
2 11| 4643200 | 13.6(94) 0.75 0.40
3 9 63.0 (434) | 0.0(0.0) 0.00 0.40
3 10 | 66.4458) | 0.0(0.0) 0.00 0.40
3 11| 69.6480) | 0.0(0.0) 0.00 0.40
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3 Development of Experimental Program

This chapter describes the experimental program that is used to study the structural behavior and
strength of in-span hinges. The experimental program considers a total of five specimens at 1/3-
scale that are tested in two phases. The first two specimens (phase I) represent the as-built
condition of typical in-span hinges of RC box-girder bridges in California. Based on the test
results of phase I, the remaining three specimens (phase II) are designed to improve the
performance and to observe the behavior of different in-span hinge configurations. The two
phases of the experimental program were conducted in the structural engineering laboratory at

the University of California, Berkeley.

3.1 LITERATURE REVIEW OF SIMILAR TESTS

From a literature review, it was found that in-span hinges of RC box-girder bridges have not
been tested. Megally et al. (2002) studied the seismic response of sacrificial shear keys in bridge
abutments. In this research, they tested sacrificial internal and external shear keys using 2/5-scale
specimens subjected to cyclic loading. The shear keys are short elements that are characterized
by having a small aspect (height-to-width) ratio, as the case of in-span hinges. They tested six
interior shear keys with aspect ratio varying from 0.3 to 0.5, and six exterior shear keys with
different characteristics. The shear keys were built monolithically with a concrete base. The base
was attached to the strong floor using a total of 10 rods stressed to a force of 150 kip (667 kN)
each. The load was applied using two actuators connected to a loading frame. Due to the high
stiffness of the shear keys, they were initially loaded in force control at increasing cycles. Then,
the testing procedure was switched to displacement control with increasing cyclic amplitude until
the failures of the specimens were achieved. The maximum load and displacement applied to the

specimens were 285 kip (1268 kN) and about 8" (203 mm).



3.2 DEFINITION OF PROTOTYPE IN-SPAN HINGE

The representative box-girder bridge dimensions used in this study were obtained from the
survey of 16 bridges conducted by Mosalam et al. (2002) that was described in Chapter 2. Since
this survey does not account for in-span hinge dimensions, the dimensions related to the in-span
hinge are determined from the eight projects discussed in Chapter 2. Based on the survey of 16
California bridges reported by Mosalam et al. (2002) and based on the survey of the eight
projects in Chapter 2, the prototype in-span hinge geometry for this study is summarized in Table
3.1.

Table 3.1 Prototype in-span hinge geometry.

. 130" . 40"
Box web spacing (3300 mm) Seat width b (1020 mm)
. 12" . 32"
Box web width (305 mm) Seat height 4 (810 mm)
Diaphragm height d 70" Bearing plate size bp 13"
g (1780 mm) (330 mm)
Total diaphragm width d, (13 75 (;1 mm) Seat aspect ratio o * 1.25
Seat diaphragm width d, 6 12041';1m) Eccentricity ratio ¥ 0.0

*The aspect ratio is reduced by a factor 2 if the load application point is considered.

For the prototype in-span hinge, a prestressed box girder of a multiple-lanes bridge is
considered. This hinge has utility openings for maintenance and inspection purposes. One square
opening is located between the bearings at mid-height of the diaphragm, as shown in Figure 3.1.

The size of the openings is one third of the diaphragm height 4, .
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Deck slab Bearing Utility opening

Soffit slab ~ Diaphragm Seat

Fig. 3.1 3D view of utility openings and bearings of adopted prototype in-span hinge.

The reinforcing steel details, including headed steel reinforcement, are shown in Figure
3.2. For simplicity, it was assumed in the prototype in-span hinge that the horizontal steel of the

diaphragm with prestressed blockout p, does not extend to the end of the seat. Additionally, a

smaller spacing of the reinforcing steel is considered in the vicinity of the bearings. Based on the
survey, the vicinity of the bearing is defined by an equivalent width of 1.5 times the seat height
h, as show in section A-A of Figure 3.2. The adopted reinforcing steel ratios in the vicinity of
the bearings are listed in Table 3.2. Beyond this region, the reinforcing steel ratios are reduced to
66% of the values listed in the table, except for the longitudinal steel ratio, which is kept constant
throughout the diaphragm length.

Using the geometry of the prototype in-span hinge, the vertical factored design load can
be computed using the Caltrans loads described in Chapter 2. Accordingly, a prestressed girder
of 70" (1780 mm) is subjected to a factored design load using Table 2.6 of 56.4 kip/ft (823
kN/m). Considering the prototype web spacing, i.e., bearing spacing of 130" (3300 mm), the
vertical factored load per bearing is estimated as 611 kip (2720 kN).
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Fig. 3.2 Reinforcing steel details of adopted prototype in-span hinge.

Table 3.2 Reinforcing steel ratios of adopted prototype in-span hinge (%).

Pan Py Paa P Py Psa Pion
0.87 0.61 0.07 1.53 0.24 0.30 0.47

33 TEST MATRIX

The experimental program of the in-span hinges consisted of a total of five specimens using a
1/3-scale. The experimental program was conducted in two phases and the test matrix is shown
in Table 3.3. Phase I consisted of two specimens that represent the as-built conditions of typical
California box-girder bridges with representative reinforcement ratios. The two specimens were
identical, but specimen S2 had utility openings to study the effect of these openings on the
behavior and strength of the as-built in-span hinge. The representative reinforcement ratios are
based on the prototype in-span hinge defined previously.

Based on the results of phase I, the remaining three specimens constituting phase II were
designed to improve the behavior of the in-span hinge. Specimen S3 was designed identical to
specimen S2, but had larger bearing plates to eliminate the local punching shear failure mode
observed in phase I specimens. Specimens S4 and S5 represented improved design with lower
reinforcement ratios. These lower reinforcement ratios were aimed to improve constructability

and to produce a comparable strength in all the possible failure modes of the in-span hinge.
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Specimens S4 and S5 were identical, but specimen S5 had utility openings to study the effect of

these openings on the behavior and strength of the new design of the in-span hinge.

Table 3.3 Test matrix.

Phase | Specimen Ut111.ty Description
opening

I S1 No As-built condition of typical in-span hinges

I 3 Yes Identical to specimen S1 but with utility openings
between bearings
Identical to specimen S2 but with higher punching

II S3 Yes . . h
shear strength achieved using larger bearing plates
New design with low reinforcement ratio to

I S4 No . -
improve constructability and performance

I 35 Yes Identical to specimen S4 but with utility openings
between bearings

34 SUBASSEMBLY DEVELOPMENT

The cross section of the prototype in-span hinge is shown in Figure 3.3a. The top and bottom
halves of the hinge are almost identical. Some exceptions may exist due to the joint seal
assembly and due to the possible existence of utility openings, as described in Chapter 2. The
tested region consisted of the seat and the seat diaphragm, which are cast monolithically in the
field. This tested region is shown shaded in Figure 3.3a. The end diaphragm with prestressed
blockout, located beyond the concrete junction, was not considered in the experiments. This end
diaphragm is cast at the field monolithically with the box girder and is prestressed. Thus, it is
assumed that the end diaphragm with prestressed blockout is not a critical element of the in-span

hinge and is therefore excluded from the test subassembly for simplicity of the test setup.
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Joint seal
Deck slab assembly

N/

90° rotated tested region

Bearing plate

2] / \ L
End diaphragm with  Concrete
prestress blockout junction Soffit slab \
RC base cast monolithically
(a) Prototype cross section of in-span hinge (b) Test subassembly

Fig. 3.3 Development of test subassembly.

To facilitate the test program, the in-span hinge was tested in a 90° rotated position, as
shown in Figure 3.3b. To connect the in-span hinge with the strong floor, a RC base was cast
monolithically with the in-span hinge specimen. This base was designed to remain almost elastic
with minimal damage to simulate the presence of the strong end diaphragm zone. Additionally,
the joint seal assembly is neglected in the present experimental program to reduce the number of
geometrical parameters and render the experimental results more general and less specific to
particular project choices.

To simulate the structural behavior of the in-span hinge of a multiple-lanes bridge, a
diaphragm of twice the web spacing is considered in the test subassembly. The top view of a
multiple-lanes bridge deck, containing the bottom part of the in-span hinge is shown in Figure

3.4. The test region, containing two bearing plates, is shown shaded in this figure.
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prestress blockout

Concrete junction

Fig. 3.4 Top view of test subassembly.

3.5 TESTSETUP

The specimens’ geometry was obtained from the prototype in-span hinge using a 1/3-scale. The
1/3-scale was selected such that the reaction forces can be adequately transmitted from the
specimen to the strong floor through the RC base. The setup of the test subassembly is shown in
Figure 3.5. Details of the test setup are shown in elevation and plan views in Figure 3.6. The RC
base that was cast with the test subassembly was used to transmit the horizontal load and the
overturning moment from the test specimen to the laboratory strong floor. The depth of the RC
base was 20" (508 mm). This depth was limited such that the actuator force was applied at the
correct height of the in-span hinge seat. The actuator support was a massive steel structure and
did not allow feasible modification of the actuator height. The length and width of the RC base
were selected to be able to place the required post-tensioning rods. Finally, this base was
anchored to the strong floor using 10 rods with a post-tension force of 120 kip (534 kN) each.

For constructability concerns, the in-span hinge seat was extended to the end of the RC
base. Therefore, the length of the seat of 96" (2438 mm) was about 12% larger than two times
the web spacing of 86" (2184 mm) specified in the original test subassembly (see Fig. 3.6).

To simulate the Polytetrafluoroethylene (PTFE) bearings, a 6"x6"x3/4" (152 mmx152
mmx19 mm) steel plate was placed at the location of each bearing, as shown in Figure 3.6. The

dimensions of these plates were increased from the scaled size of the representative prototype
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dimensions based on the conducted survey to prevent local bearing failure of the concrete during
the experiments. Nevertheless, the thickness of the plates was selected to have an equivalent

stiffness to the actual PTFE bearing.

Loading beam  90° Rotated in-span hinge

1500 kip (6672 kN) actuator \ /

RC base to connect in-span 10 post-tension rods with 120
— hinge to strong floor kip (534 kN) each

Fig. 3.5 Test setup.

The horizontal load was applied to the test specimens using an actuator with a
compression capacity of 1500 kip (6672 kN). The actuator was supported vertically by a wooden
block as shown in the elevation view of Figure 3.6. The actuator load was transferred to the
bearings using a wide flange W23x104 steel beam (see Fig. 3.5) that was bolted to the actuator
end plate. This loading beam was strengthened with stiffeners to prevent local buckling of the
web. At each bearing location, a 300 kip (1334 kN) load cell was attached to the loading beam as
shown in Figure 3.6. Finally, a tilt saddle was bolted at the end of each load cell. These title
saddles allowed the application of the loads uniformly to the bearing plates, in spite of the
rotation that took place at the seats during the experiments. The connections between the tilt

saddles and the bearing plates were by direct contact.
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Fig. 3.6 Test setup views (Dimensions [in.]: 1''=25.4 mm).

The test setup described above provided the same force at the two bearings. Since the
actuator was connected with two clevises, and the connection between the loading beam and the
bearing plates were through contact, the resultant force passed through the longitudinal axis of
the actuator. These characteristics of the setup resulted in equal forces at the two bearings. This
loading condition of the test setup is representative of a bridge system that is subjected to
uniform vertical load, resulting in equal vertical forces at the bearings of the in-span hinge.

Since the depth of the RC base was limited by the actuator height, the bases of the
specimens were designed conservatively with a large amount of steel reinforcement to minimize
damage. To resist the bending moment, the RC base was provided with #5 top and bottom

reinforcement bars at 4" (102 mm) spacing. To increase the shear capacity of the RC base, #4
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hooks were specified at 4" (102 mm) spacing. Additionally, three horizontal #4 bars at 4" (102
mm) spacing were specified through the base depth to provide confinement at the compression
zone generated under the post-tensioning rods. In the longitudinal direction of the RC base, #5
bars were placed at the top and at bottom at 4" (102 mm) spacing. These reinforcement details
are shown with the specimen drawings in Appendix A.

The dimensions of the specimens without utility openings, specimens S1 and S4, are
shown in Figure 3.7. On the other hand, the dimensions of the specimens that consider utility
openings, specimens S2, S3, and S5, are shown in Figure 3.8. For simplicity, the utility openings
were introduced only at the test regions where these openings did not continue through the RC

bases, as shown in section B-B of Figure 3.8.
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Fig. 3.7 Dimensions of specimens without utility openings, S1 and S4 (1''=25.4 mm).

40



Steel 0=2.5" (64
Bearing plate  10.5 eel ¢=2.5" (64 mm) 125 125 105 125

ﬁ for post-tensioning ‘ ‘ ‘ ‘ ‘

© \:[ B L o Ljoj JB
& [ | I
- Q| B O
v ©
I “V NI - ta
S i \} © ©
I ! © g “‘_’
1 1 - 11 N
! B L © © JB
o w o o} Lol
SECTION A-A © opening 2
N
23 Al ©) o { - © A
75_.8_175
] ®
8
Q| I ||©
R e .
| w0 —
| i < | 48 |
o [l [l
N ‘ ‘ PLAN VIEW
i I NOTES:
I I E—
‘\‘ ‘\‘ o 1. Dimensions in inches
‘ 6 ‘ 36 ‘ 6 ‘ 2. Concrete strength 5 ksi (34.5 MPa), max. aggregate size
3/8" (10 mm)
SECTION B-B 3. Reinforcement steel Gr 60

Fig. 3.8 Dimensions of specimens with utility openings, S2, S3 and S5 (1''=25.4 mm).

Normal-weight concrete was used with a specified design strength of 5 ksi (34.5 MPa)
and 3/8" (10 mm) maximum aggregate size for the specimens of both test phases. The
reinforcing steel used in the specimens was Grade 60, meeting the requirements of ASTM A706-
04 [ASTM 2004b]. The five specimens considered headed and non-headed reinforcement. The
headed bars were provided by HRC. These bars considered two types of heads that were
fabricated by HRC. The #4 bars were fabricated using a friction weld procedure, and the #3 bars
were fabricated using a conventional weld procedure. The photographs of the two types of heads
are shown in Figure 2.13.

Finally, to place instrumentation to measure lateral deformation, a steel frame was built
parallel to and independent from the test specimen. The photograph of the test setup of specimen

S1 with the installed instrumentation is shown in Figure 3.9.
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Fig. 3.9 Test setup of specimen S1.

3.6 INSTRUMENTATION

The five specimens of the two test phases were instrumented with three types of instruments:
load cells, strain gages, and displacement transducers. Each specimen had a total of 3 load cells,
27 displacement transducers, and a variable number of strain gages. All the instruments were

connected to a data acquisition system of a maximum of 128 channels.

3.6.1 Load Cells

Three load cells were used to measure the applied lateral load. The first one was the internal load
cell of the actuator, which measured the total applied lateral load. This load cell was used to
control the actuator in force control. The other two load cells were located between the loading
beam and the test specimen. These load cells measured the applied force at each bearing as
explained previously for the test setup.

Since the measured strength of the concrete was higher than the initially prescribed value
of 5 ksi (34.5 MPa) (see Appendix B), the load cells attached to the beam were constructed
specifically for this project. These load cells were built with a capacity of 300 kip (1334 kN)

each. The construction process and calibration of these load cells are described in Appendix C.

42



3.6.2 Strain Gages

Strains were measured using strain gages attached to the reinforcing bars. The size of each gage
was 5 mm by 2 mm with a post-yield deformation capacity of 10-15% strain. Each strain gage
was glued to the surface of the reinforcing steel bar and was protected with three layers of
coating: wax, butyl rubber (SB Tape®), and Araldite®. The preparation of the surface and the

strain gage coating are shown in Figure 3.10.

(a) Preparation of bar surface (b) Strain gages coated with wax (left) and
SB tape (right)

Fig. 3.10 Placement of strain gages on reinforcing steel bars.

3.6.3 Displacement Transducers

A total of 27 displacement transducers were used to measure displacements during the
experiment of each in-span hinge specimen. The locations of these instruments are shown in
Figure 3.11. From these transducers, three were used to measure the actuator displacement, two
for the loading beam displacement, ten for the seat horizontal deformation, six for the seat
curvature, four for the base movement, one for the actuator bracket displacement and one for the
slip of reinforcement.

The actuator displacement was measured with three instruments. The stroke of the
actuator was measured with a built-in potentiometer. This potentiometer has a range of £12 in.
(610 mm) and was used to control the actuator under displacement control. The vertical and
horizontal movements of the actuator were measured with two stick potentiometers (AVE and

ATW in Fig. 3.11).
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Fig. 3.11 Arrangement of displacement transducers.

The displacements of the loading beam at the loading points were measured with two
stick potentiometers (LHE and LHW in Fig. 3.11). These two transducers allowed the
measurements of any differential displacement between the two loading points.

The lateral displacement of the seat was measured with ten stick potentiometers. At the
loading height, five stick potentiometers (SHT1-SHTS in Fig. 3.11) were distributed throughout
the diaphragm length to measure the displacement profile. At a medium height, three stick
potentiometers were used to measure lateral displacement (SHM2-SHM4 in Fig. 3.11). Finally,
at a lower height, two stick potentiometers were used (SHB2 and SHB4 in Fig. 3.11).

The curvature of the seat was measured in three locations, two at the vicinity of the
bearings and one at the middle of the seat. The curvature measurements allowed identifying the
bending action of the seat. At each location, two displacement transducers were connected to
embedded threaded rods to measure relative vertical displacements (SVN2, SVS2, SVN3, SVS3,
SVN4, and SVS4 in Fig. 3.11). The details of these instruments are shown in the small insert of
Figure 3.11.

The relative movement of the RC base with respect to the strong floor was measure with
four stick potentiometers. Two stick potentiometers were placed horizontally to measure any
sliding of the RC base (BHW and BHE in Fig. 3.11), and the other two were placed vertically to
measure any uplift or rotation of the RC base (BVW and BVE in Fig. 3.11). To measure the
backward horizontal displacement of the actuator bracket, one stick potentiometer was connected

at the actuator bracket (not shown in Fig. 3.11).
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Finally, one stick potentiometer was used to measure the slip of a headed bar with respect
to the surrounding concrete. The exact location of this instrument varied for the test specimens.
To measure the slip with this instrument, a hole was prefabricated from the concrete surface to
the head of the bar as shown in Figure 3.12a. Then, an external stick potentiometer was mounted
on the top of the concrete surface and was connected in bearing to the bar head using a thin steel
rod. Any relative deformation between the concrete surface and the head of the reinforcing steel
bar was attributed to slip of the bar. Figure 3.12b shows a photograph of the instrument placed

on specimen S1.

Stick potentiometer
? Steel rod
«—Drilled hole

™~

Headed bar

(a) Diagram (b) Photograph

Fig. 3.12 Instrumentation setup for headed bar slip measurement.

3.7 LOAD APPLICATION AND CONTROL

Due to the high stiffness prediction of the test specimens (obtained using FEA) and the low
resolution of the actuator controller, two loading methods were specified for specimen S1: force
control and displacement control. The force-control method was specified at the beginning of the
experiment to determine the initial stiffness, initiation of cracking and onset of yielding of the
reinforcing bars in the test specimen. Afterwards, the displacement-control method was specified
to reach the peak strength and to capture the descending branch of the force-deformation
relationship. Both loading methods were applied using compression cycles to evaluate the state
of the in-span hinge after unloading from a peak load.

The force-control loading history applied to specimen S1 is shown in Figure 3.13. The
loading rate was specified as 50 kip/min (222 kN/min) and the controller was configured for a
theoretical resolution of 0.366 kip (1.63 kN) per step. The first cycle of 50 kip (222 kN) load
corresponded to a low-level test that was used to check the behavior of the test setup and the

instrumentation readings. The minimum load for the consecutive cycles was set to 10 kip (44.5
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kN) to prevent movements of the loading beam. The test was paused at each peak load to inspect

the specimen, to mark cracks, and to measure crack widths in the concrete.
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Fig. 3.13 Force-control loading history for specimen S1.

The displacement-control loading method was applied to reach the peak strength and to
capture the descending branch of the force-deformation relationship. The displacement-control
loading history is shown in Figure 3.14. The loading rate was specified as 0.04 in./min (1.02
mm/min) and the controller was configured for a theoretical resolution of 0.0014 in. (0.036 mm)
per step. The zero displacement of the actuator for this loading method corresponded to the
displacement at zero force in the load control method. The minimum displacement for the
consecutive cycles was set to 0.1 in. (2.54 mm) to prevent movements of the loading beam. The
final displacement was applied until a maximum displacement of 3 in. (76 mm) was achieved or
until the specimen showed considerable strength reduction. The test was paused at each peak
displacement to inspect the specimen, to mark cracks, and to measure the crack widths in the

concrete.
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Fig. 3.14 Displacement-control loading history for specimen S1.

Since the measured stiffness of specimen S1 was small enough (compared to the initially
predicted value from the FEA) for the actuator controller resolution, the remaining four
specimens were tested using only displacement control. The target peak displacements of
specimens S2—S5 were specified such that the loading history was equivalent to the history of
specimen S1. The loading protocol used for these specimens is shown in Figure 3.15. For the last
cycle, the minimum displacement was set to 0.2 in. (5.1 mm) to prevent movements of the
loading beam with respect to the specimen. In this final cycle, the target displacement was set to

2.0 in. (50.8 mm).
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Fig. 3.15 Displacement-control loading history for specimens S2—S5.
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4 Finite Element Pre-Test Analysis

In-span hinges are subjected to complex 3D loading conditions due to the discrete bearing
locations, small aspect ratio of the seat, and the geometric discontinuities when utility openings
exist. Therefore, evaluation of existing in-span hinges and development of design requirements
can be improved with 3D models that take into account compatibility, equilibrium, and the
constitutive properties of the different materials. Many computational methods exist for 3D
modeling of structural systems; how well these models reflect the actual state of stresses is not
clear (Vecchio and Collins 1986; Rots 1991; Selby and Vecchio 1993; Maekawa 2003). The 3D
FEA in the presented research is intended to provide detailed results of the stress state, damage
(cracking and plastification of concrete and yielding of steel reinforcement) initiation and
propagation, and deformation experienced by the in-span hinges. This task was conducted prior
to finalizing the test plans to check the capacity of the test setup and to select proper locations of
the different instruments. After further calibration with the test results, the 3D FE models will be
used to conduct parametric studies aiming toward providing guidelines for the future design of

in-span hinges (see Fig. 1.2).

4.1 3D MODELING OF REINFORCED CONCRETE

The concrete is modeled using standard FE displacement formulation using 8-node isoparametric
solid brick elements (Zienkiewicz and Taylor 2005; Hughes 2000). The brick element has 24
degrees of freedom and the displacement field is based on trilinear interpolation from the nodal
displacements (Hughes 2000). To compute the stiffness matrix of each element, a Gauss
integration scheme with 2x2x2 integration points is used. The nonlinear material behavior of the

concrete is incorporated using nonlinear constitutive model.



4.1.1 Embedded Reinforcement

Modeling of reinforcement using FE is commonly performed by one of two different methods
(Naito et al. 2001). The first method, which is less computationally demanding, involves the use
of embedded reinforcement within the concrete. The embedded reinforcement action is
introduced in the concrete element through which it passes (referred to as the “parent” element).
Therefore, the stiffness of the concrete element is modified based on the path of the
reinforcement through the element. The embedded reinforcement formulation implies perfect
bond between the concrete and the reinforcement. The second method, which is more
computationally demanding, involves separate discretization of the reinforcement from the
surrounding concrete. In this case, the reinforcement is modeled as discrete 1D elements and is
attached to the adjacent concrete nodes through interface elements. These interface elements
between the concrete node and the reinforcement node allows for modeling bond slip effects.
The drawbacks of the latter method are the additional nodes required and that the concrete mesh
is restricted by the reinforcement locations. This restriction makes the concrete mesh difficult to
generate, particularly in situations such as the in-span hinge which has high reinforcement ratios
and several diagonal bars.

For the case of embedded reinforcement, two cases can be considered, smeared or
discrete modeling. For the smeared case, the reinforcement is uniformly distributed in the
concrete, and it is specified using a reinforcing ratio and an orientation (Vecchio and Collins
1986). For the discrete case, the location of each reinforcing bar is specified independently. The
embedded reinforcement model available in the FE software DIANA (2007) considers the action
of reinforcement only in the longitudinal direction. This assumption neglects the shear stiffness
provided by the reinforcement and the dowel action of reinforcing bars across concrete cracks.
The relationship between the longitudinal strain and stress of a bar is given by an assumed

constitutive model. The strain of the bar ¢, in its longitudinal direction x' is given by (Freenstra

1995):

e.=Te 4.1
where for the 3D case, ¢ is the strain column vector in the xyz coordinate system and 7T is a

coordinate transformation row vector, 1.€.,

e=le. e, e v, v. 7.l 4.2)
T:[12 122 132 lllz 1113 lzls] 4.3)
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where superscript 7' indicates the vector transposition. The terms /,, /, and [/, represent the
direction cosines of the reinforcement direction x' with respect to the global xyz coordinate

system (Ranjbaran 1991). The relationship between the strain of the embedded reinforcement
and the nodal displacement of the parent concrete element is

£,=Te=TBd=B.d “44)
where B is the matrix that relates the strain field within the finite element to the nodal

displacements of the parent concrete element (Hughes 2000). For the reinforcement, a non-
dimensional coordinate » (-1<r<1) is defined along the reinforcement path in the parent

concrete element. Therefore,

ox _ dx Jr Z_ay_8l8r _0z _dzor
ox"  orox’ o’ orox P ox orox

and using the fact that /? +/7 +/; =1, one obtains

I = 4.5)

ox’

Defining ¢ = 5

r

- (&)
or or or

With the initial (i.e., point at which reinforcing bar first intersects the concrete element),

(£,.n,,¢,), and final (i.e., point at which reinforcing bar last intersects the concrete element),
(&,.m,,5,), isoparametric coordinates of the reinforcement in the parent concrete element, the

position of the reinforcement along the non-dimensional path 7 is given by

5(”) = 0-5’”(5}) _§a )+ O-S(é:b + ‘fa)
n(r)=0.5r(n, -n,)+0.5(n, +7,) 4.7)

¢(r)=0.5r(g, —¢,)+0.5(g, +¢,)
Using the chain rule, the derivatives of x, y, and z with respect to the non-dimensional

variable r are obtained from

fax] [ox ox o |[a¢]
| [0 on o || ar
WI|_| dy dy||dn (4.8)
or o odn Jdg || or
9z | 19z 0z 0z |96
Lor] |9& on og | Lor]

where the 3x3 matrix of Equation (4.8) is the Jacobian of the isoparametric transformation for a
3D finite element (Hughes 2000). Finally, the stiffness contribution of the reinforcement to the

parent concrete element is

k= [ Bl AE, B, d¥ (4.9)
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where 4 is the area of the reinforcing bar and £, is its tangent modulus of elasticity. Changing

variables, the previous integral can be written in terms of the non-dimensional variable r as

1
k= [BlAE,B Cadr (4.10)

r=—1

where C 1is the Jacobian of the transformation between the variables x” and 7, given by
Equation (4.6). The latter integral is evaluated numerically using two gauss integration points in

this study.

4.2 CONSTITUTIVE MATERIAL MODELS

The constitutive material models used in the FEA are based on assumed idealized mechanical
properties of the expected concrete and reinforcing steel materials. This is the case, as the
simulations were executed before conducting any testing. The measured material parameters
obtained from the material testing will be used for future post-test simulations and parametric

studies.

4.2.1 Constitutive Model of Concrete

Concrete is a complex material with different tensile and compressive behavior, which depends
on the confinement. When concrete reaches its tensile strength, it cracks with diminishing
strength as the crack width increases. The cracks are geometrical discontinuities that separate the
material. To model the cracking behavior of materials, there are two basic approaches, the
discrete crack approach and the smeared-crack approach (Rots 1991; Bazant and Planas 1998).
The discrete crack approach reflects the final damaged state most closely. It models the crack
directly via a displacement-discontinuity in an interface element that separates two solid
elements. Unfortunately, this discrete approach does not fit the nature of the finite element
displacement method, and it is computationally more convenient to employ a smeared-crack
approach. In this approach, a cracked solid is imagined to remain as a continuum and to continue
permitting a description in terms of stress-strain relationships. This second approach is utilized in
the presented FE model for the prediction of the behavior of the in-span hinges. However, the
underlying assumption of displacement continuity in this approach contradicts with the nature of
the geometrical discontinuities that occurs across a crack. This assumption in some cases is
known to cause stress locking (Rots 1991).
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The concrete behavior using the smeared-crack approach is utilized in the FE models
presented herein using two different methods, namely the multi-directional fixed-crack method
and the total strain-rotating-crack method. The multi-directional fixed-crack method considers
that the orientation of the cracks remain constant, whereas the total strain rotating-crack method
considers that the orientation of the cracks rotates with the directions of the principal strains.
Both of these smeared-crack methods are described below for completeness.

The multi-directional fixed-crack method is based on the concept of decomposition of the
total strain increments into concrete strain increments, Ae®, and crack strain increments, Ae”
(Rots et al. 1985).

Ae = Ae“ + Ae” (4.11)
This decomposition allows the crack behavior to be treated separately from the constitutive

behavior of the concrete between the cracks. Therefore, elastic, thermal, and creep strains can
also be included in the concrete strain increments. In a 3D formulation, the crack opening
displacement is replaced in the nst local coordinate system (Fig. 4.1) by a normal smeared-crack

e and Ae? located at the crack plane to

nt ns

strain A¢”, and two perpendicular shear crack strains Ae

represent sliding at the crack surface. The global crack strains increments Ag“ are obtained by
transforming the crack strains increments in local coordinates Ae® = [Ag,f;' Ag,; Ae,. ]T to the
global coordinate system as follows:

AeT=[Ae” AeT AeT AyT Ay Ayt =N-Ae (4.12)
where N is a geometry transformation matrix. Additionally, the stress increments at the crack

interface AS“ are related to the vector of the global stress increments Ao as

A GL’V

nn

AS” =|Ac” |=N"-[Ac, Ao, Ac. Ao, Ao, Ac.]=N"-Ac (4.13)

nt zz

cr
A O-HS

If multiple cracks occur at one integration point, the global vector of crack strain increments and
that of crack stress increments for each crack AS?" are computed using

Ae” =Y N, he” ASY =NTAc (4.14)

The initiation ojf cracks is governed by a tension cut-off criterion and a threshold angle

between two consecutive cracks. Therefore, the successive initiation of cracks occurs if the

principal stress violates the stress condition and the angle between the existing crack and the

principal tensile stress exceeds the threshold angle (DIANA 2007). The stress-strain relationship

for the cracked concrete is specified ignoring the coupling effect between the normal stress and
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the shear stresses at the crack surface. This results in the following constitutive relationship for

the crack j,
Ao D' 0 0 Ae
AST =D -Ae =| Aoy | =| 0 D" 0 | -|Aey (4.15)
Ao_z’r O O DIH Agcr

ey J sy

where D’ is the softening secant stiffness term for the normal stress, D” and D" are the
softening secant stiffness terms for the shear stresses. These secants stiffness terms, for each

crack j are determined using softening relationships.

The relationship between the vector of stress increments Ao and the vector of total strain
increment Ae¢ can be derived starting from the strain decomposition. Therefore,

Ao =D"(Ae—Ae”) (4.16)
where D is the elastic constitutive matrix according to Hooke’s law. Using the transformation

matrix N and the crack secant stiffness matrix D of Equation (4.15), the vector of stress
increment when a single crack occurs can be computed as [Rots et al. 1985]:

ao=[D* ~ DN[D” + NTDON] NTD e (4.17)
This equation shows that the cracking effect reduces the elastic stiffness D of the concrete. The
multi-directional fixed-crack model was not used in the pre-test analysis of the in-span hinges
presented in this report. However, this crack modeling method will be considered as an
alternative in the post-test analysis and parametric studies.

The second smeared-crack method for concrete is the total strain method, which was
developed along the lines of the 2D modified compression field theory (Vecchio and Collins
1986) and extended to 3D by Selby and Vecchio (1993). To model the stress-strain relationship
two concepts are commonly used: the rotating crack and the fixed crack. The rotating-crack
concept uses the coaxial stress-strain approach, in which the stress-strain relationships are
evaluated in the principal directions of the strains, corresponding to the crack directions. For the
fixed-crack concept, the stress-strain relationships are evaluated in a fixed coordinate system,
which is set once cracking initiates. For the total strain method, the strain vector £ in the global

coordinate system xyz at iteration i+1, for a nonlinear static loading, is updated with the strain
increment Ae according to

et =g+ Ae™ (4.18)
This strain vector is subsequently transformed to the crack directions nst (see Fig. 4.1) with a

coordinate transformation matrix 7. For the rotating-crack concept the transformation matrix
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depends on the current strain vector 7 :T(g"“), while for the fixed-crack concept the

transformation matrix is constant. Therefore, the strain vector in the crack direction nstis
computed by

g =T " (4.19)
This transformation matrix is determined by calculating the eigenvectors of the strain tensor.
Subsequently, the constitutive model is evaluated in the coordinate system of the crack, and then

the stresses in the global coordinate system xyz are obtained with the transformation matrix,

ou=oler) o=l o (4.20)

During loading, the concrete is subjected to both tensile and compressive stresses, which
may result in cracking and crushing of the material. The deterioration of the material due to
cracking and crushing in the 3D concrete material is monitored with six internal damage

variables o, ,k=1,...,6 (Fig. 4.1). The loading-unloading-reloading condition is monitored with
unloading parameters r,,k=1,....6 (Fig. 4.1), which model the stiffness degradation in tension

and compression separately. These parameters for tension and compression are respectively

expressed as follows:

: i+l
_J0 e a5, (4.21)
1 ife <e,

i+1 ?

0 f i+l
re= PO S o456 (4.22)
1 if g’ 20,

With the assumption of no damage recovery (i.e., absolute values of the internal damage

variables are increasing), the stress in direction ; is given by

O-j = fj (a’ gnst ) gj (a’ gnst ) (423)
where f, is the uniaxial stress-strain relationship and g is the loading-unloading function with

0<g, <I. If unloading and reloading is modeled with a secant approach, g is given by

I-——~  ifg; >0
g = Q, (4.24)
’ %5 E ,

1 ife, <0
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Fig. 4.1 Rotating-crack surface and unidirectional concrete material model in principal
directions.

For the incremental-iterative solution scheme, the total strain method should define a
stiffness matrix, which is utilized to achieve equilibrium. In this study, a secant stiffness matrix
approach is adopted. This approach has proven to be robust and stable in RC structures with
extensive cracking (DIANA 2007). For this purpose, the secant stiffness terms in the j;-th
cracking direction are presented below for the tension and compression regimes, respectively.

E;= f,lee,,)a;,  for compression regime (4.25)

E; = f (a.e,,) /e, for tension regime (4.26)
These secant stiffness terms can be geometrically interpreted as the slopes of the dashed inclined

lines in Figure 4.1. The secant stiffness matrix in the nst coordinate system is given by

E. 0 0 0 0 0

0 E2 0 0 0 0
|0 0 E 0 0 0 (4.27)

o0 0 G 00

0 0 0 0 G 0

0 0 0 0 0 G

Equation (4.27) corresponds to the stiffness matrix of an orthotropic material with zero Poisson’s
ratio in all directions. For the case of the fixed-crack concept, the shear modulus can be modeled

as G = .G where the parameter £, (0 < 3 < 1) is a non-dimensional shear retention factor that

reduces the elastic shear modulus G of concrete after cracking to the constant value G . Finally,

the stiffness matrix in global coordinates xyz at each integration point is obtained using the

coordinate transformation matrix 7, Equation 4.19.

56



For the pre-test analysis of the in-span hinge regions, the total strain method with rotating
cracks is used. The uniaxial stress-strain relationship for the concrete compressive behavior is
based on elastic-perfectly-plastic behavior, shown in Figure 4.2a, and governed by the concrete
compressive strength £ . The tensile relationship is based on linear tension softening, shown in
Figure 4.2b. Different stress-strain relationships in compression and tension will be explored in
the post-test analysis and parametric studies. The tensile behavior depends on the concrete tensile

strength /, and the fracture energy G;. When the tensile strain is larger than the ultimate strain
£, = ZG; / hf,, the concrete loses its entire tensile capacity. This ultimate strain depends on the
crack band-width / expressed as s =3/, where v, is the volume of the finite element. The

initial linear parts of the compression and tension stress-strain relationships are governed by the

initial material elastic modulus of concrete £, (Fig. 4.1).

o
N

& N

< 7 €

< >
£, e, £
\/Z Vv
(a) Compression (b) Tension

Fig. 4.2 Concrete stress-strain relationships.

4.2.2 Constitutive Model of Reinforcing Steel

The embedded reinforcement is modeled using a uniaxial elastic-perfectly-plastic model with

identical compression and tension behavior (Fig. 4.3). The yield stress f, and the modulus of
elasticity £, represent the material parameters of the model. The stress hardening behavior

commonly observed in tension test of reinforcing bars will be incorporated in the post-test

analysis.
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Fig. 4.3 Reinforcing steel stress-strain relationship.

4.3 NONLINEAR SOLUTION STRATEGY

In nonlinear FEA, the relationship between forces and displacements is no longer linear.
Therefore, to achieve equilibrium, an incremental-iterative solution algorithm is necessary. The
load (or imposed displacement) is applied with small increments and the equilibrium at each load
step is achieved using iterations. The solution strategies typically used for FEA are: regular
Newton-Raphson, modified Newton-Raphson and linear (Zienkiewicz and Taylor 2005). The
regular and modified Newton-Raphson methods are shown in Figure 4.4. For the regular
Newton-Raphson strategy, the tangent stiffness is calculated for every iteration at a given
increment. This strategy yields a quadratic convergence, which means that the iteration process
converges with a few iterations. The modified Newton-Raphson strategy computes the tangent
stiffness at the start of the load increment and uses the same stiffness for all the iterations within
this load increment. This method usually requires more iterations than the regular Newton-
Raphson, but the computations are faster for each iterations, since tangent stiffness matrix is
formulated, assembled, and decomposed only once at the beginning of each load increment.
Finally, the linear strategy uses the initial linear stiffness matrix for all the iterations in all the
load increments. The linear stiffness method is usually very robust, especially in nonlinear
dynamic analysis (Mosalam and Mosallam 2001) but it is possible that the system follows an

unstable equilibrium path after bifurcations (DIANA 2007).
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Fig. 4.4 Newton-Raphson nonlinear solution strategies.

4.4 PRE-TEST FEA

To predict the behavior and the strength of the in-span hinge specimens, a pre-test FEA was
conducted using the general-purpose finite element program DIANA (Dlisplacement ANAlizer).
This pre-test FEA was conducted for specimens S1 and S2 of the test matrix (see Chapter 3).

4.4.1 Mesh Development

Test specimens S1 and S2 were discretized to match the geometry and the boundary conditions.
The finite element models include the in-span hinge region, the concrete base of the planned
experiments and the steel loading plates. The concrete of specimen S1 is discretized using 4850
nodes and 3790 brick elements. This mesh is shown in Figure 4.5a. The mesh of specimen S2 is
similar to that of specimen S1 but has fewer elements due to the presence of utility openings, as
shown in Figure 4.5b. To model the steel, embedded reinforcement is used in the in-span hinge
region and also in the concrete base. The embedded reinforcement of specimens S1 and S2 are
shown in Figures 4.5¢ and d, respectively. Specimen S1 contains a total of 705 bars located
throughout the specimen.

The boundary conditions of the concrete base are assumed pinned along the three global
axes, and the post-tension forces of 120 kip (534 kN) are applied externally at the top of the
concrete base at the locations of each anchoring rod. The steel bearing plates are modeled with a
higher modulus of elasticity to simulate the stiffness provided by the loading swivels which are

located adjacent to the loading plates (see the test setup in Chapter 3).
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Fig. 4.5 FEA models of specimens S1 and S2.

4.4.2 Capacity Estimation

The pre-test models of specimens S1 and S2 are analyzed to predict the behavior and strength of
the in-span hinges. For these models, the concrete is represented using the total strain rotating-
crack method. The uniaxial stress-strain relationship for the compressive behavior is based on
elastic-perfectly-plastic idealization using a concrete strength of 6 ksi (41.4 MPa). The uniaxial

tensile behavior is based on a linear tension softening with a tensile strength of 6\/70' =460 psi

(3.2 MPa) and an assumed fracture energy of 0.31 Ibf/in. (54 N/m). The value of the fracture
energy is obtained from the CEB recommendation (Comité 1990). The modulus of elasticity

used in the concrete is 4400 ksi (30.4 GPa) based on the ACI provisions (ACI 2008). For the
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reinforcing steel, an elastic-perfectly-plastic behavior is assumed with a yield stress of 70 ksi
(483 MPa) and elastic modulus of 29000 ksi (200 GPa).

The solution strategy used in the pre-test analysis is regular Newton-Raphson. The load is
applied symmetrically at the two bearing plates by simultaneously imposing displacement
increments of 0.005" (0.127 mm) at the bearing plates. For both specimens, S1 and S2, the
response was computed until no convergence was achievable in the iterative process.

The predicted load-displacement relationships at the bearings for specimens S1 and S2
are shown in Figure 4.6. Because the model is symmetric, only the relationship at one bearing is
shown for each specimen. The shown displacements in Figure 4.6 correspond to the
deformations of the concrete located behind the seats in the test configuration. These locations
coincide with the position of instruments SHT2 and SHT4 of the test specimens (see Fig. 3.11).
On the other hand, the loads shown in Figure 4.6 represent the applied forces on one bearing.
Therefore, the total applied load to the specimen is twice the load shown in Figure 4.6. From the
results shown in Figure 4.6, the predicted capacity per bearing is 209 kip (930 kN) and 203 kip
(903 kip) for specimens S1 and S2, respectively. Therefore, the total capacity predicted for
specimens S1 and S2 from the pre-test FEA are 418 kip (1859 kip) and 406 kip (1806 kip),
respectively. These loads occur at a displacement of 0.33" (8.4 mm) and 0.48" (12.2 mm) for
specimens S1 and S2, respectively.

Figure 4.6 shows that nonlinear behavior for both specimens S1 and S2 starts at about 50
kip (222 kN) of applied load at each bearing. In both specimens, this nonlinear behavior is
initiated by cracking of the concrete in the corner between the seat and the diaphragm.
Additionally, it is observed that the presence of the utility openings of specimen S2 does not
affect the behavior for bearing loads lower than 170 kip (756 kN). Therefore, the FEA suggests
that the considered size of the utility openings of the analyzed in-span hinges only affects the

behavior at high load levels.
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Fig. 4.6 FEA load-displacement relationships at bearings for specimens S1 and S2.

The response of specimen S1 is shown in Figure 4.7 for a load equivalent to 99% of the
maximum estimated load capacity of the FEA. Figure 4.7a shows the deformed shape at the
bearing cross section, which is characterized by clear shear deformation rather than bending
deformation. The cracking behavior of the concrete at the bearing cross section is shown in
Figure 4.7b, where the shown short lines are oriented perpendicular to the crack direction and
their lengths are proportional to the crack normal strain (opening mode). It can be observed that
at ultimate capacity, the larger cracks are predicted in an inclined plane. The reinforcement
stresses (indicated by triangles of size proportional to the stress in the reinforcing bar) are shown
in Figure 4.7c. It can be observed that yielding in tension is achieved in the diagonal bars of the
seat, the horizontal (in the 90° rotated test orientation) bars of the diaphragm, the vertical (in the
90° rotated test orientation) bars of the seat, and in the longitudinal bars of the seat. Finally, the
vertical (in the 90° rotated test orientation) stresses in the concrete at the bearing cross section are
shown in Figure 4.7d. The maximum tension of = 0.393 ksi (2.71 MPa) is located at the seat near
the corner with the diaphragm, and maximum compression of 5.85 ksi (40.3 MPa) is located at
the diaphragm near the corner with the base. This distribution of concrete stresses is highly
affected by the concrete cracks and the presence of fully bonded embedded reinforcing steel

bars.
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The pre-test FEA described in this chapter confirmed that the test setup is adequate to
conduct the experimental program. Moreover, it is confirmed that the experimental setup is able
to apply the required maximum loads and deformations to the test specimens. The FEA
described in this chapter will be improved to match the experimental results in a future phase of
this research project. Different material models and solution strategies will be explored to obtain
a realistic behavior of the FEA in comparison with the experimental findings discussed in

Chapters 5 and 6.
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Fig. 4.7 FEA response of specimen S1 at 99% of maximum load.
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5 Experimental Program Phase |: As-Built
In-Span Hinges

This chapter describes the experimental program and the results of the first two specimens
representing the as-built conditions of typical in-span hinges in California box-girder bridges.
Specimen S2 was detailed identical to specimen S1, but it contained utility openings to study the
effect of such openings on the structural behavior of in-span hinges. These tests were aimed to
understand the behavior, load path and the failure mode of as-built in-span hinges. At the end of
this chapter, concluding remarks are presented to motivate the design of the three specimens

comprising phase II of this experimental research.

5.1 SPECIMEN DESIGN

Specimens S1 and S2 were designed considering the as-built conditions of typical in-span hinges
of California box-girder bridges. The specimen characteristics were obtained from the prototype
in-span hinge presented in Chapter 3 using 1/3-scale. The two specimens are identical, except for
the presence of utility openings in specimen S2, which were added to study the effect of such
openings on the behavior and strength of in-span hinges.

Both specimens considered conventional and headed reinforcing bars. The reinforcement
details were obtained by scaling the prototype in-span hinge described in Chapter 3. These
details were identical in both specimens, except for the modification of the reinforcement in the
vicinity of the utility openings in specimen S2. The reinforcement details at the bearing cross
section are shown in Figure 5.1, and the complete structural drawings are presented in Appendix
A. Headed reinforcement (#3 and #4 bars) was used in both in-span hinge specimens. The
reinforcement ratios in the two specimens are compared with the prototype ratios (defined
previously in Chapter 3) in Table 5.1. The largest difference between these ratios is for the

horizontal reinforcement of the seat p , (vertical reinforcement in the test orientation). This large



difference is due to the U-shape bar shown in Figure 5.1, where the available bar sizes can not be
adjusted more precisely. Moreover, the largest percentage difference with respect to the
prototype details is for the diagonal reinforcement in the diaphragm p . This large percentage
difference is attributed to the original small reinforcement ratio of this category in the prototype
details, forcing the reduced-scale specimens S1 and S2 to have relatively higher p , due to the
limited choices of practical bar sizes. The spacing of the reinforcement of the in-span hinge area,
shown in Figure 5.1, is 3" (76 mm) in the vicinity of the bearings and 4.5" (114 mm) away from

them (except for the reinforcement of the diaphragm p ,, which had a constant spacing of 5.0"
(127 mm) and the longitudinal bars p, ). The spacing layout is shown in the structural drawings

of Appendix A.

psd

U-shape bar
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Fig. 5.1 Reinforcement details of specimens S1 and S2 (in test orientation).

Table 5.1 Comparison of reinforcing steel ratios between prototype and specimens S1 and

S2 (%).
Pan Pay Pad Psh Py Psa Plion
Prototype 0.87 0.61 0.07 1.53 0.24 0.30 0.47
S1 and S2 0.90 0.69 0.10 1.90 0.27 0.35 0.47

Difference +0.03 | +0.08 | +0.03 | +0.37 | +0.03 | +0.05 | 0.00
% difference +3.5 | +13.1 | +42.9 | +24.2 | +12.5 | +10.0 | 0.00
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5.2 SPECIMEN CONSTRUCTION

Specimens S1 and S2 were constructed in the structural engineering laboratory of the University
of California, Berkeley, by a professional contractor. The concrete was supplied by a local ready-
mix plant and was cast using a pump. The concrete was cured with wet burlap for a period of 5
days inside the laboratory. At that age, the burlap was removed and the specimens were stripped
from the formwork. Figure 5.2 shows photographs of the construction process of specimens S1

and S2.

5.3 MATERIAL PROPERTIES

Extensive material testing of the concrete and reinforcement was conducted as part of the
research program. The material testing program was aimed to determine properties and
constitutive relationships to be used in the FEA. The summary of the material properties is

presented in this section. Further information about material testing is described in Appendix B.
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(a) Starting construction (b) Specimen S1 reinforcement

(c¢) Building forms (d) Casting concrete

(e) Curing concrete (f) Stripped specimens

Fig. 5.2 Construction process of specimens S1 and S2.

5.3.1 Concrete

Normal-weight concrete was used with specified design strength of 5 ksi (34.5 MPa) and 3/8"
(10 mm) maximum aggregate size. The summary of the concrete properties for specimens S1
and S2 is shown in Table 5.2. This table shows that the measured concrete properties for
specimen S2 were lower than those for specimen S1, due to the construction inherent variability.

Since both specimens were built using the same concrete batch, the average values, reported in
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Table 5.2, will be considered in the post-test FEA. The average splitting tensile strength and
average modulus of rupture are equivalent to 6.3,/f’ [psi units] and 11.1,/f7 [psi units],

respectively. The fracture energy obtained from the standard tests is about two times the value

recommended by CEB-FIP code (Comité 1990), namely 0.33 1bf/in. (58.0 N/m).

Table 5.2 Properties of concrete in phase 1.

Property S1 S2 Average
Compressive strength f, [ksi (MPa)] 6.44 (44.4) | 6.15(42.4) | 6.30(43.4)
Strain at peak stress &, 0.0029 0.0029 0.0029
Modulus of elasticity £, [ksi (GPa)] 3240 (22.4) | 3100 (21.4) | 3170 (21.9)
Splitting tensile strength f, [ksi (MPa)] | 0.52(3.59) | 0.48 (3.31) | 0.50(3.45)
Modulus of rupture f, [ksi (MPa)] 0.89 (6.14) | 0.86(5.93) | 0.88 (6.03)
Fracture energy G, [Ibf/in. (N/m)] 0.60 (105) - 0.60 (105)
Age of testing [days] 77 110 -

The average stress-strain relationship of concrete in the compression of phase I in-span
hinges is shown in Figure 5.3. The hardening response part of this curve (below the maximum
strength) was obtained from the average of the force-control tests conducted for the two in-span
hinge specimens of phase I. On the other hand, the softening response part of the curve was
obtained from the average of the displacement-control tests also conducted for phase 1. These

tests are discussed in Appendix B.
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Fig. 5.3 Average stress-strain relationship of concrete in phase I.
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5.3.2 Reinforcement

The reinforcing steel used in the specimens of phase I was Grade 60, meeting the requirements
of ASTM A706-06 (ASTM 2004b). Specimens S1 and S2 considered headed and non-headed
reinforcement, as explained in Chapter 3. The summary of the average reinforcing steel

properties used in specimens S1 and S2 is show in Table 5.3.

Table 5.3 Average properties of reinforcing steel in phase I.

Property #3 #3 #4
Non-headed Headed Headed
Yield stress f, [ksi (MPa)] 69.9 (482) 69.5 (479) 68.7 (474)
Ultimate stress f, [ksi (MPa)] 103.0 (710) | 93.7 (646) 97.8 (674)
Yield strain ¢ 0.0025 0.0024 0.0024
Ultimate strain ¢, 0.137 0.114 0.123
Modulus of elasticity £, [ksi (GPa)] | 28020 (193) | 29170 (201) | 28390 (196)

The stress-strain relationships of the reinforcing steel are shown in Figure 5.4. These
curves follow the Voce equation (Voce 1948), given below, which is implemented in the finite
element software DIANA (DIANA 2007) used in this study.

eE, Sfy ESE +E,

_ e _ 1
&= (s - %,{D 3D

€,

where f(€) is the stress corresponding to strain &, €, is the plateau strain, and £, is a

parameter to adjust the strain-hardening region of the constitutive relation.

5.4 INSTRUMENTATION

Specimens S1 and S2 were instrumented with a total of 119 instruments each: 3 load cells, 89
strain gages, and 27 displacement transducers. All the instruments were connected to a data
acquisition system of 128 channels. The description and location of load cells and displacement
transducers were presented in Chapter 3. The locations of the strain gages on the reinforcing steel

for specimens S1 and S2 are described below.
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Stress [ksi]

total of 20 strain gages were located in a cross section through each bearing (section b-b) to
quantify the reinforcement stresses, and to identify the load transfer mechanism. At this cross
section, 6 gages were located on horizontal bars (vertical in the test orientation) of the seat (HI-
H6), 4 gages were located on vertical bars (horizontal in the test orientation) of the diaphragm
(V1-V4), and 4 gages were located on diagonal bars (D1-D4). These 14 gages allowed
identifying the possible failure modes of the seat: sliding shear friction, bending moment, 1D
shear, SAT and punching shear. Finally, 6 gages of section b-b were located on horizontal bars

(vertical in the test orientation) of the diaphragm (B1-B6) to measure the anchorage of the in-

120

120 1800 1800
100 =T ; 100
oy 1600 T > 600
80} Loy = _ 80 Fyo
by s 2 bl
60 I 1400 » @ 60 o {400
! g 2
| = = [ |
| 5] 2
40 | 40 [
; ! 1200 [ 1200
20[| — — — Experimental || : 20| = — — Experimental [
FE Model |, ! FE Model Ly
0 ' ' L 0 0 : ' : 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Strain Strain
(a) #3 non-headed bar (b) #3 headed bar
120 1800
100} o = =
_ = == n ]
wl 4% il | {800
T % 11 I g
@ 60 1 | =
§ Y | 1400 é
® 40 L I )
I I 1200
20f| — — — Experimental (! I
FE Model 1 |
O 1 1 l' 1 I O
0 0.05 0.1 0.15 0.2
Strain
(c) #4 headed bar

The locations of the strain gages for specimens S1 and S2 are shown in Figure 5.5. A

Fig. 5.4 Stress-strain relationships for reinforcing steel in phase 1.

span hinge to the base.
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A total of 36 gages were located in groups of 6 gages (H1, H2, V1, V2, D1 and D2) in
cross sections c-c throughout the length of the specimen. These gages were used to measure the
3D effects of the load transfer from the bearing throughout the length of the diaphragm.

Finally, a total of 13 gages were located in longitudinal bars of the seat to measure the
bending of the seat. From these gages, 8 (LP1-LP8) were used to measure the positive bending
moment at the bearing locations, and 5 (LN1-LN5) were used to measure the negative bending

moment between the two bearings.
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Fig. 5.5 Strain gage locations for specimens S1 and S2.
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5.5 PRE-TEST STRENGTH ESTIMATION

The capacity of the in-span hinge specimens was estimated using the analytical models described
in Chapter 2. These analytical models are sliding shear friction at the seat and at the diaphragm,
moment strength at the seat and at the diaphragm, 1D shear strength at the seat, SAT, and
punching shear. For the capacity estimates, the average strength of the materials at the time of
the tests was used, as indicated in Tables 5.2 and 5.3 for concrete and steel, respectively.

The SAT capacity was computed using a 2D truss model. For specimens S1 and S2, the
proposed truss topology is shown in Figure 5.6, where the continued lines represent tension ties
and the dashed lines represent compression struts. The width of this truss considers the total
width of the specimen, which is 96" (2438 mm). Therefore, the steel area of each tie is the sum
of the bars along the specimen length. For specimen S2, the openings in the concrete were
neglected in the truss model, but the areas of steel of the ties took into account the reduction of
the number of bars at the openings. In this 2D SAT, the 3D behavior induced by the discrete

loads at the bearings was neglected.
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Fig. 5.6 Strut-and-tie model.

The larger SAT capacity of the statically indeterminate truss shown in Figure 5.6 was
achieved when the diagonal tie of the seat p, and the vertical ties of the diaphragm p
(horizontal ties in the test orientation) were yielding simultaneously. The SAT capacity was
calculated and verified using the CAST software (Tjhin and Kuchma 2002; Tjhin 2004). The
CAST solutions for specimens S1 and S2 are shown in Figure 5.7, with predicted SAT capacities
of 370 kip (1646 kN) and 319 kip (1419 kN) for specimens S1 and S2, respectively.
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Accordingly, the 2D SAT considering yielding of the steel throughout the whole in-span hinge
length was expected to be an overestimation of the capacity because the 3D behavior induced by
the discrete loads at the bearings was neglected. However, the experimental results were higher

than this 2D SAT, possibly due to ignoring the concrete contribution in tension.

03
31900%‘3 s
~

(a) Specimen S1 (b) Specimen S2
Fig. 5.7 SAT solutions using CAST (Tjhin 2004), forces in Kip (1 kip = 4.45 kN).

The capacity estimates using the described analytical models are listed in Table 5.4. In
the same table, the experimental results and the factored Caltrans design loads are tabulated for
completeness. From this table, it can be observed that the strength of the seat is controlled by
punching shear and SAT design methods. The sliding shear friction, bending moment, and shear
design methods give much higher strength values, which means that these failure modes are not
expected to control the response of the test specimens. From the test results, it is noted that the
experimental capacity of both specimens S1 and S2 are larger than the SAT and punching shear
strength estimates, but lower than the other modes of failure. Table 5.4 also shows that the
predicted capacity for specimen S2 is 14% lower than that of specimen S1. This reduction of
capacity is due to the presence of the utility openings, which reduces the number of effective
reinforcing bars, i.e., areas of ties, throughout the seat length in the SAT model of specimen S2.

For the sliding shear friction mode, the strength was controlled by the ACI limit of 8004,

[Ibf, in.], in spite of the large amount of longitudinal reinforcing steel. The factored Caltrans
design loads for the test specimens were obtained by scaling the factored design load of the

prototype in-span hinge defined in Chapter 3. Therefore, the factored design load for both
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specimens was equal to 2x611/(3)* =136 kip (605 kN). The factored Caltrans design loads

conservatively corresponded to only 29% and 32% of the real strength obtained from testing

specimens S1 and S2, respectively.

Table 5.4 Strength estimates of specimens S1 and S2 [kip (kN)].

S1 S2

Sliding shear friction at seat 806 (3585) 744 (3309)
Sliding shear friction at diaphragm 1170 (5204) | 1127 (5013)
Moment strength at seat 695 (3092) 642 (2856)
Moment strength at diaphragm 766 (3407) 671 (2985)
1D Shear strength at seat 424 (1886) 375 (1668)
SAT 370 (1646) 319 (1419)
Punching shear 381 (1695) 381 (1695)
Experimental capacity 467 (2077) 425 (1890)
Factored Caltrans design load 136 (605) 136 (605)

5.6 SPECIMEN S1 TEST RESULTS

Due to the high predicted stiffness, specimen S1 was subjected to two consecutive loading
protocols: force control and displacement control. The loading histories of both loading protocols
were discussed in Chapter 3. It is to be noted that results shown as envelopes of the cyclic

loading are consistent with the envelope of the global force-displacement relationship.

5.6.1 General Observations

The specimen was tested initially using load control protocol. The first crack appeared near the
seat corner with the diaphragm at 100 kip (445 kN) peak cycle actuator load, as indicated by the
arrow in Figure 5.8a. At 150 kip (667 kN) peak cycle actuator load, vertical (in the test
orientation) bending cracks appeared behind the bearing plates as shown in Figure 5.8b. The last
cycle of the force-control loading history, with a peak actuator load of 300 kip (1334 kN), was
not executed, since the deformation achieved at the 200 kip (890 kN) peak cycle was sufficiently
large to achieve acceptable resolution using the more stable displacement-control loading
protocol. To change the loading protocol from load control to displacement control, the actuator

was retracted completely, producing a gap between the loading beam and the specimen.
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Subsequently, specimen S1 was tested using displacement control. When the specimen
was contacted by the loading beam (precisely by the end plates of the load cells attached to the
loading beam) connected to the actuator head, some adjustment of the loading system position
was necessary. At the peak actuator cycle of 0.2" (5.1 mm), 45° inclined cracks appeared in the
seat behind the bearing plates and next to them. These cracks are shown in Figures 5.8c—d. At
this displacement level, a horizontal (in the test orientation) crack was observed in the diaphragm
below the load cell, as shown in Figure 5.8d. The damage propagation for the 0.4" peak
displacement cycle is shown in Figures 5.8e—f.

When reaching the maximum strength of the specimen, the deformation and damage start
concentrating at the west side of the specimen. On this side, the width of diagonal cracks
increased considerably measuring up to 0.06" (1.5 mm). When the peak load was reached, a
major vertical (in the test orientation) crack appeared in the middle of the seat as shown in Figure
5.8g. After this crack was observed, the strength of the west bearing started to decrease
considerably and a punching shear failure mode was observed, as shown in Figure 5.8h. The
diagonal punching shear crack at the top of the seat (in the test orientation) appeared only toward
the center of the specimen, as marked with an arrow in Figure 5.8h. Additionally, spalling of the
concrete was observed near the corner between the diaphragm and the concrete base due to the

relative deformation induced by the punching shear mechanism, as shown in Figure 5.8g.
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Fig. 5.8 Damage propagation during test of specimen S1.
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The test was terminated at about 1" (25.4 mm) displacement, since the total strength of
the specimen was reduced considerably. At that displacement level, rotation of the loading beam
was observed toward the west side due to the differential displacements of the two bearings
caused by the concentration of damage in the vicinity of the west bearing.

The test of specimen S1 was also used to evaluate the stability and accuracy of the test
setup. It was concluded that the test setup is suitable for the intended test objectives, and it was
confirmed that almost identical loading was applied at each of the two bearings. The load
measured at each bearing, and the total actuator load, are shown in Figure 5.9. The difference
between the actuator force and the sum of the two bearing forces is less than +4%. This
difference may be attributed to a small part of the actuator load being utilized to overcome the
friction of the actuator with its vertical wooden support placed between the actuator and the
strong floor (Fig. 3.6). Therefore, the sum of the two bearing forces is considered as the total

applied force to the specimen in the subsequent sections.
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Fig. 5.9 Force equilibrium during test of specimen S1.

5.6.2 Load-Displacement Relationships

The applied load-displacement relationship of specimen S1 is shown in Figure 5.10. The
displacement was measured with the built in actuator transducer. This displacement transducer

was used to control the actuator under displacement control. The peak total load of 467 kip (2077
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kN) was achieved at 0.49" (12.5 mm) displacement. After the peak load was achieved, the
relationship shows a rapid decrease in the capacity and the strength was provided mainly by the
tensile force of the diagonal bars, the friction in the punching shear mechanism, and the dowel
action of the horizontal (vertical in the test orientation) bars.

Displacement [mm]
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Displacement [in]

Fig. 5.10 Load-displacement, specimen S1.

The load-displacement relationships at both bearings are shown in Figure 5.11. The
figure shows these relationships using two different displacements: the displacement of the
loading steel beam (Figs. 5.11a-b) and the displacement of the concrete seat (Figs. 5.11c—d).
During the test, the displacements of the loading beam and the concrete seat were measured with
the instruments (LHE, LHW) and (SHT2, SHT4), respectively. From Figure 5.11, it can be
observed that the initial stiffness is lower when the displacement is measured from the loading
steel beam than from the concrete seat. This lower stiffness is attributed to the flexibility of the
steel beam and the loading system. The relationships show that the east bearing did not fail
during the test, since the east deformation decreased when the west bearing started to fail. The
decrease of the east deformation is due to the lower load that was applied by the system caused

by the punching shear failure observed on the west side.
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Fig. 5.11 Load-displacement at bearings for two displacement measurements of specimen
S1.

The maximum strengths of the east and west bearings were 235 kip (1045 kN) and 232
kip (1032 kN), respectively. The corresponding displacements at the peak loads were 0.29" (7.4
mm) and 0.35" (8.9 mm) for the east and west bearings, respectively. The initial stiffnesses
considering the concrete seat displacement were 5050 kip/in. (884 kN/mm) and 5060 kip/in. (886
kN/mm) for the east and west bearings, respectively. These values correspond to secant stiffness

computed using a 50 kip (22 kN) load.
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5.6.3 Seat Deformation Profiles

The seat deformation profile along the in-span hinge length (horizontal deformation of the seat in
the test orientation) is shown in Figure 5.12a. The figure shows the displacement at 50%, 75%,
and 100% of the maximum specimen load. The displacement profile was measured with 5
instruments, where the instruments SHT2 and SHT4 corresponded to the cross sections of the
east and west bearings, respectively. The figure shows that the displacements at the two bearing
cross sections were equivalent for 50% and 75% of the maximum load. For 75% of the
maximum load, the displacements measured with the instruments at the edges and at the middle
represent 39% and 67%, respectively, of the displacement measured at the two bearings. This
deformation profile suggested that the load was resisted mainly by the regions of the seat located
in the vicinity of the bearings. At 100% of the maximum load, the displacement of the west
bearing increased considerably, which agreed with the failure observed at the west side during
the test.

The displacement profile along the specimen height at the two bearing cross sections is
shown in Figure 5.12b. The figure shows the displacement at 50%, 75%, and 100% of the
maximum specimen load. This horizontal displacement (in the test orientation) was measured
with top (T), middle (M) and bottom (B) displacement transducers. The exact location of these
instruments is described in Chapter 3. Figure 5.12b shows a linear displacement variation along
the height, which implies a shear deformation profile of the specimen. In contrast, a bending
deformation profile is characterized by a cubic displacement variation along the height. This
shear deformation profile was consistent with the lower shear capacity estimate of the seat

compared to the bending capacity estimate computed earlier.
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Fig. 5.12 Seat deformation profiles at 50%, 75%, and 100% of peak load of specimen S1.

5.6.4 Reinforcing Steel Behavior

The strains in the reinforcing steel bars of specimen S1 were measured with a total of 89 strain
gages. The details of the reinforcement and the location of the most important strain gages are
shown in Figure 5.13. From the strain measurements, reinforcing bar stresses were computed

using the stress-strain relationships obtained from the reinforcing bar material tests (Fig. 5.4).

LN5

LN2-LN4 \' {

LN1

LP1-LP8

L[_\

D3

B1 l?rB?

~—|

Fig. 5.13 Strain gage locations in specimens S1 and S2 (in test orientation).

The relationships of the envelopes of the reinforcement stresses versus the applied load,
at both bearing cross sections (east and west), are shown in Figure 5.14. The figure shows that

yielding initiated in diagonal bar D1 (Fig. 5.14a) located at the seat, which yielded at an applied
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load of 224 kip (996 kN). This initial yielding was consistent with the crack initiation near the
seat corner with the diaphragm.

The stresses of the horizontal (vertical in test orientation) bars of the seat are shown in
Figure 5.14b. The figure shows that the horizontal bars at the locations H1 and H3 reached the
yielding at applied forces of 368 kip (1637 kN) and 426 kip (1895 kN), respectively. At these
larger loads, the diagonal, vertical (as discussed below), and horizontal bars have yielded, which
corresponded to the development of the SAT mechanism. The horizontal bar HS initially showed
a compressive stress induced by the bending action of the seat, but a tensile stress at the end of
the test. The unequal stresses at these horizontal (vertical in the test orientation) bars confirm that
the sliding shear mechanism in the seat did not develop during the test. Moreover, major
horizontal cracks at the seat-diaphragm sliding surface were not observed during the test.

Figure 5.14c shows that the second bar that reached yielding after diagonal bar D1 was
the vertical (horizontal in the test orientation) bar at V1, which yielded at an applied load of 334
kip (1486 kN). The yielding of the diagonal bars and the vertical (horizontal in the test
orientation) bars V1 suggests that a 1D shear or punching shear failure mode was the first that
developed at the bearing cross sections.

The stresses in the horizontal (vertical in the test orientation) bars of the diaphragm are
shown in Figure 5.14d. The figure shows that yielding occurred only in the bar with the strain
gage labeled B5. Again, the unequal stresses of the base bars suggest that the sliding shear
mechanism in the diaphragm did not develop during the test, which was confirmed by the

absence of major horizontal cracks at the diaphragm-base sliding surface during the test.
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Fig. 5.14 Stresses in reinforcement at bearing cross sections versus applied load of

specimen S1.

The strain distribution at the seat and at the diaphragm in the bearing cross sections are
shown in Figure 5.15. These distributions are shown for 25%, 50%, 75%, and 100% of the
maximum applied load at the east and west bearing cross sections. The strain distribution along
the seat width (Fig. 5.15a) shows that it is not linear when the maximum strength was achieved.
Therefore, Bernoulli’s hypothesis of plane section remaining plane after bending becomes
doubtful. The strain distribution along the diaphragm is shown in Figure 5.15b. This distribution
shows that the Bernoulli’s hypothesis is not applicable at the diaphragm either. The higher strain
was recorded at the bar BS, rather than at the extreme bar B1l. For both the seat and the
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diaphragm, the high bending capacity provided and the strain distribution observed make

bending failure mode unlikely to occur.
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Fig. 5.15 Horizontal (vertical in test orientation) strain distribution along seat and
diaphragm widths at 25%, 50%, 75%, and 100% of peak load of specimen S1.

The stress distribution in the longitudinal bars of the seat is shown in Figure 5.16 for
25%, 50%, 75%, and 100% of the maximum applied load. The stress of the longitudinal bar
located at the bottom part of the seat (in the prototype orientation) was obtained from 8§ strain
gages (LP1-LP8) located in the vicinity of the bearings. The stress distributions of this bar,
shown in Figure 5.16a, demonstrate bending action of the seat about the direction perpendicular
to the diaphragm. This bending behavior agrees with the observed seat deformation profile and
with the vertical (in the test orientation) bending cracks shown in Figure 5.8b. The stress of the
longitudinal bar located at the top part of the seat (in the prototype orientation) was obtained
from 3 strain gages (LN2-LN4) located between the two bearings. At this middle cross section of
the specimen, the bending action induced about the direction perpendicular to the diaphragm is

smaller, without any bar yielding, and the maximum stress was 47 ksi (324 MPa), as shown in

Figure 5.16b.
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Fig. 5.16 Stress distributions of longitudinal reinforcing bars at 25%, 50%, 75%, and
100% of peak load of specimen S1.

The distribution of strain and stresses on the reinforcing bars throughout the specimen
length is shown in Figure 5.17 for 25%, 50%, 75%, and 100% of the maximum applied load. The
locations of the bars with their strain gages are shown in Figure 5.13. From the test results, the
larger strains were observed in diagonal bars D1 of the seat. The strain and stress distributions of
these bars are shown in Figures 5.17a and b, respectively. It can be observed that a peak strain of
28600 e (~2.9%) was measured in the vicinity of the west bearing at the maximum applied
load. This large strain is about 12 times larger than the yield strain of the reinforcing bar. The
stress distribution shows that the stresses of these diagonal bars were concentrated in the vicinity
of the bearings for 25% and 50% of the maximum load. At these low load levels, an effective
seat length parallel to the diaphragm axis can be considered to resist the applied load, whereas
when the maximum strength of the in-span hinge was achieved, yielding was spread throughout

the whole seat length and an effective seat length was not observed.
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Fig. 5.17 Behavior of reinforcing bars throughout in-span hinge length at 25%, 50%, 75%,
and 100% of peak load of specimen S1.
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The strains and stresses of the horizontal (vertical in the test orientation) bars H1 and the
vertical (horizontal in the test orientation) bars V1 are shown in Figures 5.17c—f. Note that the
reinforcing bar with strain gage H1 has a yield plateau (Fig. 5.4), which makes the stress plot in
Figure 5.17d have a constant yield stress for the majority of the specimen length at 100% of the
peak load. The stresses of these horizontal and vertical bars were lower than those of the
diagonal bars, with more uniform stress distributions throughout the diaphragm length. At the
maximum strength of the seat, the yielding of both H1 and V1 bars was also observed throughout

the whole length of the diaphragm.

5.7 SPECIMEN S2 TEST RESULTS

The experimental results of specimen S2 are presented in this section. Specimen S2 was identical
to specimen S1 but had utility openings. Specimen S2 was subjected to the displacement-control
loading history shown in Section 3.7. The force-control test was not applied, since the stiffness
of specimen S1 was low enough for the actuator resolution to run the test using only
displacement control. Therefore, in specimen S2, the more stable displacement-control approach
was followed. It is to be noted that results shown as envelopes of the cyclic loading are

consistent with the envelope of the global force-displacement relationship.

5.7.1 General Observations

Similar to specimen S1, the initial crack appeared near the seat corner with the diaphragm at
0.08" (2.0 mm) peak displacement cycle, as indicated by the arrow in Figure 5.18a. At this
displacement, the specimen load was 82 kip (365 kN). At 0.11" (2.8 mm) peak displacement
cycle, vertical (in the test orientation) bending cracks appeared behind the bearings as shown in

Figure 5.18b. At this displacement, the specimen load was 125 kip (556 kN).
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Fig. 5.18 Damage propagation during test of specimen S2.
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The first diagonal crack appeared at the 0.2" (5.1 mm) peak displacement in the seat
behind the bearing plates, as shown in Figure 5.18c. The angle of inclination of this crack was
45°. At this load level, a horizontal (in the test orientation) bending crack appeared at the seat in
the bearing side as shown in Figure 5.18d. Additionally, small cracks appeared at the utility
openings, indicating that the load was transferred from the bearing to the diaphragm throughout
the whole seat length. The damage propagation at the west side for the 0.4" peak displacement
cycle is shown in Figure 5.18e.

For specimen S2, both bearing sides reached their maximum strength and then, both
bearing sides started to unload toward the descending branch. When the maximum strength was
achieved, the vertical (in the test orientation) and diagonal cracks located in the seat behind the
bearing plates had widths of 0.08" (2.0 mm) and 0.05" (1.3 mm), respectively. Subsequently, a
punching shear failure mode was observed in the west side, and a 1D shear failure mode was
observed in the east side. Figures 5.18f and g show the punching shear failure of the west side,
where the diagonal punching shear crack at the top of the seat (in the test orientation) appeared
only toward the free end of the specimen, as marked with an arrow in Figure 5.18g. Toward the
middle of the specimen, the west side experienced a 1D shear failure, which was connected with
the 1D shear failure mode of the east bearing. This shear plane is shown in Figures 5.18f and h
and did not extend toward the free end of the east bearing.

The test of specimen S2 was terminated at about 2" (50.8 mm) displacement and the total
force was reduced to about 30% of the maximum strength. At that displacement level, rotation of
the loading beam was observed toward the west side due to the differential displacements of the

two bearings caused by the more concentration of damage in the vicinity of the west bearing.

5.7.2 Load-Displacement Relationships

The applied load-displacement relationship of specimen S2 is shown in Figure 5.19. The
displacement was measured with the built in actuator transducer, and the load corresponded to
the sum of the two load cells attached to the loading beam. The peak total load of 425 kip (1890
kN) was achieved at 0.45" (11.4mm) displacement. This strength was 9% lower than that of
specimen S1 and its reduction can be explained by the presence of the utility openings. After the

peak load was achieved, the relationship shows a rapid decrease in the capacity, and the strength
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was provided mainly by the tensile force of the diagonal bars, the friction in the punching shear

mechanism, and the dowel action of the horizontal (vertical in the test orientation) bars.
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Fig. 5.19 Load-displacement of specimen S2.

The load-displacement relationships at both bearings are shown in Figure 5.20. The
figure shows the responses using the displacement of the concrete seat, measured with the
instruments SHT2 and SHT4 (Fig. 3.11) for the east and west sides, respectively. The
relationships show that both sides of the in-span hinge failed during the test because descending
branches were observed for both bearings. However, a less pronounced descent was observed for
the east bearing compared to the west bearing, after the maximum strength was achieved, as
shown in Figures 5.20a—b. The recording of the east bearing displacement was interrupted at
about 0.5" (12.7 mm) because the instrument located at the concrete surface of the east bearing
was pulled out due to the presence of a major concrete crack.

The maximum strengths of the east and west bearings were 209 kip (930 kN) and 218 kip
(970 kN), respectively. The corresponding displacements at the peak loads were 0.32" (8.1 mm)
and 0.30" (7.6 mm) for the east and west bearings, respectively. The initial stiffnesses
considering the concrete seat displacement were 3590 kip/in. (629 kN/mm) and 4240 kip/in. (743
kN/mm) for the east and west bearings, respectively. These values correspond to secant stiffness

computed using a 50 kip (22 kN) load.
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Fig. 5.20 Load-displacement at bearings of specimen S2.

5.7.3 Seat Deformation Profiles

The seat deformation profile along the in-span hinge length (horizontal deformation of the seat in
the test orientation) is shown in Figure 5.21a. The figure shows the displacement at 50%, 75%,
and 100% of the maximum specimen load. The displacement profile was measured with 5
instruments, where the instruments SHT2 and SHT4 corresponded to the cross sections of the
east and west bearings, respectively. The figure shows that the displacements at the two bearing
cross sections were equivalent for 50% and 75% of the maximum load. For 75% of the
maximum load, the displacements measured with the instruments at the edges and at the middle
represented 46% and 69%, respectively, of the displacement measured at the two bearings. This
deformation profile suggested that the load was resisted mainly by the regions of the seat located
in the vicinity of the bearings. At 100% of the maximum load, the displacements of both
bearings increased considerably, which agreed with the load displacement relationships of Figure

5.20 where both bearings reached the maximum strength during the test.
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Fig. 5.21 Seat deformation profiles at 50%, 75%, and 100% of peak load of specimen S2.

The displacement profile along the specimen height at the two bearing cross sections is
shown in Figure 5.21b. The figure shows the displacement at 50%, 75%, and 100% of the
maximum specimen load. This horizontal displacement (in the test orientation) was measured
with top (T), middle (M) and bottom (B) displacement transducers. The exact locations of these
instruments is described in Chapter 3. Figure 5.21b shows a linear displacement variation along
the height, which implies a shear deformation profile of the specimen in contrast to a bending
deformation profile, which is characterized by a cubic displacement variation along the height.

This observation in specimen S2 is analogous to that of specimen S1.

5.7.4 Reinforcing Steel Behavior

Similar to specimen S1, the strains in the reinforcing steel bars of specimen S2 were measured
with a total of 89 strain gages. The details of the reinforcement and the location of the most
important strain gages are shown in Figure 5.13. From the strain measurements, reinforcing bar
stresses were computed using the stress-strain relationships obtained from the reinforcing bar
material tests (Fig. 5.4).

The relationships of the envelopes of the reinforcement stresses versus the applied load,
at both bearing cross sections (east and west), are shown in Figure 5.22. The figure shows that

yielding was initiated in diagonal bar D1 (Fig. 5.22a) located at the seat, which yielded at an
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applied load of 188 kip (836 kN). This initial yielding was consistent with the crack initiation
near the seat corner with the diaphragm.

The stresses of the horizontal (vertical in the test orientation) bars of the seat are shown in
Figure 5.22b. The figure shows that the horizontal bars at the locations H1 and H3 reached the
yielding at applied forces of 327 kip (1455 kN) and 412 kip (1833 kN), respectively. At these
larger loads, the diagonal, vertical (as discussed below) and horizontal bars have yielded, which
corresponded to the development of the SAT mechanism. The horizontal bar H5 showed initially
a compressive stress induced by the bending action of the seat, but a tensile stress at the end of
the test. Similar to specimen S1, the unequal stresses at these horizontal (vertical in the test
orientation) bars confirm that the sliding shear mechanism in the seat did not develop during the
test. Moreover, major horizontal cracks at the seat-diaphragm sliding surface were not observed
during the test.

Figure 5.22¢ shows that the second bar that reaches yielding after diagonal bar D1 was
the vertical (horizontal in the test orientation) bar at V1, which yielded at an applied load of 320
kip (1423 kN). The yielding of the diagonal bars and the vertical (horizontal in test orientation)
bars V1 suggests that a 1D shear or punching shear failure mode was the first one that developed
at the bearing cross section.

The stresses in the horizontal (vertical in the test orientation) bars of the diaphragm are
shown in Figure 5.22d. The figure shows that yielding occurred only in the bar with the strain
gage labeled B5. Again, the unequal stresses of the base bars suggest that the sliding shear
mechanism in the diaphragm did not develop during the test, which was confirmed by the

absence of major horizontal cracks at the diaphragm-base sliding surface during the test.
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Fig. 5.22 Stresses in reinforcement at bearing cross sections versus applied load of

specimen S2.

The strain distribution at the seat and at the diaphragm in the bearing cross sections are
shown in Figure 5.23. These strain distributions are shown for 25%, 50%, 75%, and 100% of the
maximum applied load at the east and west bearing cross sections. The strain distribution along
the seat width (Fig. 5.23a) shows that it is not quite linear, although closer to being linear than is
the case for specimen S1. Therefore, Bernoulli’s hypothesis of plane section remaining plane
after bending becomes inaccurate. The strain distribution along the diaphragm (Fig. 5.23b)
confirms that the Bernoulli hypothesis is not applicable at the diaphragm either. The higher strain
was recorded at the bar BS, rather than at the extreme bar B1l. For both the seat and the
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diaphragm, and similar to specimen S1, the high bending capacity provided and the strain
distribution observed make bending failure mode unlikely to occur. Significant differences
between specimens S1 and S2 are the following: (1) the maximum horizontal (vertical in the test
orientation) seat strain took place in H3 for specimen S1 but in H1 for specimen S2, and (2) the
west side (the only side that failed) had significantly higher strains for specimen S1 than the east
side, especially for the horizontal (vertical in the test orientation) diaphragm strain, while for

specimen S2, both sides (both sides failed) had comparable strain values.
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Fig. 5.23 Horizontal (vertical in test orientation) strain distribution along seat and
diaphragm widths at 25%, 50%, 75%, and 100% of peak load of specimen S2.

The stress distribution in the longitudinal bars of the seat is shown in Figure 5.24 for
25%, 50%, 75%, and 100% of the maximum applied load. Analogous to specimen S1, the stress
of the longitudinal bar located at the bottom part of the seat (in the prototype orientation) was
obtained from eight strain gages (LP1-LPS8) located in the vicinity of the bearings. The stress
distributions of this bar, shown in Figure 5.24a, demonstrate the bending action of the seat about
the direction perpendicular to the diaphragm. This bending behavior agrees with the observed
seat deformation profile and with the vertical (in the test orientation) bending cracks shown in
Figure 5.18b. Analogous to specimen S1, the stress of the longitudinal bar located at the top part
of the seat (in the prototype orientation) was obtained from 3 strain gages (LN2-LN4) located
between the two bearings. At this middle cross section of the specimen, the bending action
induced about the direction perpendicular to the diaphragm is negligible, as shown in Figure

5.24b. This bending action is smaller than that of specimen S1 because the utility openings
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reduced the area of the seat cross section at the middle of the specimen. Additionally, this
bending action of specimen 2 was reduced because the longitudinal bar was bent to the inside of

the seat to avoid the opening, and this brought it closer to the neutral axis of the seat (see

Appendix A).
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Fig. 5.24 Stress distributions of longitudinal reinforcing bars at 25%, 50%, 75%, and
100% of peak load of specimen S2.

The strain and stress distributions on the reinforcing bars throughout the specimen length
are shown in Figure 5.25 for 25%, 50%, 75%, and 100% of the maximum applied load. The
locations of the bars with their strain gages are shown in Figure 5.13. From the test results, the
larger strains were observed in diagonal bars D1 of the seat. The strain and stress distributions of
this bar are shown in Figures 5.25a and b, respectively. It can be observed that a peak strain of
27500 ue (~2.8%) was measured in the vicinity of the west bearing at the maximum applied
load. Similar to specimen S1, this large strain is about 11 times larger than the yield strain of the
reinforcing bar. The stress distribution shows that the stresses of these diagonal bars were
concentrated in the vicinity of the bearings for 25% and 50% of the maximum load. At these low
load levels, an effective seat length parallel to the diaphragm axis can be considered to resist the
applied load. In contrast, when the maximum strength of the in-span hinge was achieved,
yielding was spread throughout the whole seat length, and an effective seat length was not
observed.

The strains and stresses of the horizontal (vertical in the test orientation) bars H1 and

vertical (horizontal in the test orientation) bars V1 are shown in Figures 5.25¢c—f. The stresses of

97



these horizontal and vertical bars were lower than those of the diagonal bars. From Figure 5.25d,
it is observed that yielding was not achieved in the horizontal bars (H1) at the middle of the
specimen. Therefore, unlike S1, the development of the 2D SAT model is questionable at the
middle of specimen S2. In contrast, the vertical bars (V1) yielded throughout the whole specimen
length, as shown in Figure 5.25f. The yielding of these vertical bars together with the diagonal
bars demonstrates that a global 1D shear or a punching shear failure mode was achieved at the

maximum strength of specimen S2.

5.8 SEAT REINFORCING BAR SLIP

The slip measurements discussed in Section 3.6.3 and shown in Figure 3.12 are briefly discussed
in this paragraph. It was concluded from specimens S1 and S2 that slip was unlikely to occur,
especially for headed bars located in the seat of the in-span hinge. This conclusion is based on
the slip measurements from specimens S1 and S2. Figure 5.26a shows the slip measurement of a
horizontal bar (vertical in the test orientation) of specimen S1 located in the vicinity of the east
bearing plate. The recorded data show no clear evidence of slip during the execution of the test
because the displacement is within the measurement accuracy. Figure 5.26b shows the slip
measurement of a diagonal bar of the seat of specimen S2 located in the vicinity of the east
bearing plate. At the final stage of the test, however, a maximum slip of 0.004" (0.10 mm) was
measured; at this stage specimen S2 was responding along the descending branch of the load-
displacement relationship (exactly at 63% of the maximum strength) (see Fig. 5.19). Therefore,
these recordings justify the use of the embedded reinforcement assumption in the FEA discussed

in Chapter 4.
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Fig. 5.25 Behavior of reinforcing bars throughout the in-span hinge length at 25%, 50%,
75%, and 100% of peak load of specimen S2.
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Fig. 5.26 Slip measurements of headed reinforcing bars of specimens S1 and S2.

5.9 CONCLUDING REMARKS OF AS-BUILT SPECIMENS

The test results of specimens S1 and S2 are summarized in Table 5.5. The table shows that only
the west side failed in specimen S1 and that both sides failed in specimen S2. From the test
results, it is concluded that the presence of utility openings in specimen S2 reduced the strength
of the in-span hinge by 9%. In spite of the presence of utility openings, the displacement of the
bearings at maximum load is equivalent for both specimens. The average secant stiffness at the
bearings of specimen S2 is 22% lower than that of specimen S1. This difference is attributed to
the presence of utility openings and also to measurement imprecision at low displacement levels.
The yield initiation of the reinforcing steel for both specimens occurred in the diagonal headed
bar of the seat. At this bar, yielding started at 48.0% and 44.2% of the maximum applied load for
specimens S1 and S2, respectively.

The comparison between the load-displacement envelopes at each of the bearings is
shown in Figure 5.27. It can be observed that the behavior of both specimens is similar, but the
strength of specimen S2, which includes utility openings, is smaller. Additionally, the figure

clearly shows that the east side of specimen S1 did not fail during the test.
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Table 5.5 Comparison of test results for specimens S1 and S2.

Fig. 5.27 Comparisons of load-displacement relationships at bearings for specimens S1 and

S2.

The behavior of the in-span hinge of both specimens is initially characterized by a
bidirectional bending deformation. Then, yielding of the diagonal bars of the seat and the vertical
(horizontal in the test orientation) bars of the diaphragm suggest that a 1D shear or punching
shear mechanism was the first mode of failure that developed at the bearing cross sections.
Finally, yielding of the horizontal (vertical in the test orientation) bars of the seat was observed,
which is associated with the SAT mechanism. At the maximum load of both specimens, yielding
in the reinforcement was observed throughout the whole seat length. Therefore, an effective seat
length of the in-span hinge can not be considered. Accordingly, it is concluded that a

combination of these three failure modes occurred in both in-span hinges S1 and S2: 1D shear,
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SAT, and punching shear. For example, the west bearing of specimen S2 showed a punching
shear crack toward the free end of the west side and a 1D shear crack toward the middle of the
specimen, as shown in Figure 5.28. On the other hand, the east bearing of specimen S2 showed a
1D shear crack that did not extend toward the east side of the specimen, as shown in the

elevation view of Figure 5.28.
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Fig. 5.28 Failure mode of specimen S2.

The sliding shear capacities provided at the seat are 73% and 76% larger than the
experimental capacities of specimens S1 and S2, respectively. At the diaphragm, the sliding
shear capacities are 151% and 165% larger than the experimental capacities of specimens S1 and
S2, respectively. From the test of both specimens, it is concluded that the provided high sliding
shear capacities make this failure mode unlikely to occur. Therefore, the diaphragm and seat are
over-reinforced for preventing sliding shear friction.

The bending capacities provided at the seat are 49% and 51% larger than the
experimental capacities of specimens S1 and S2, respectively. At the diaphragm, the bending
capacities are 54% and 68% larger than the experimental capacities of specimens S1 and S2,
respectively. It is concluded that the seat and diaphragm are also over-reinforced for preventing

bending failure. Therefore, this mode of failure is unlikely to occur. Additionally, from the strain
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distributions obtained from the tests, it is concluded that Bernoulli’s hypothesis of plane section
remaining plane after bending is inappropriate, especially in the diaphragm. This behavior is
characteristic of the disturbed regions [MacGregor 2005].

The comparisons of the load-displacement relationships at the bearings between the pre-
test FEA and the test results of specimens S1 and S2 are shown in Figure 5.29. The figure shows
that the FEA predicts a higher initial stiffness but a lower maximum load. This lower strength of
the FEA may be attributed to the used lower material strength properties in the FEA compared to
the real properties measured for specimens S1 and S2. The calibration of the FEA to match more
precisely the observed response will be conducted in a future phase (post-test FEA) of this

research project.
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Fig. 5.29 Comparisons of load-displacement at the bearings.

On the local level, the comparisons of the reinforcement stresses between the pre-test
FEA and the experimental results of specimen S1 are shown in Figure 5.30. The stress
distributions of the diagonal bars of the seat (D1) are compared in Figure 5.30a for an applied
load of 250 kip (1112 kN) and 400 kip (1779 kN). At the load of 400 kip, both the pre-test FEA
and the test results show that the diagonal bars are yielding throughout the whole length of the
specimen. The stress distributions of the vertical (horizontal in the test orientation) bars (V1) are
shown in Figure 5.30b for the same two load levels as D1 bars. This figure shows good

agreement between the pre-test FEA and the test results at both load levels.
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Fig. 5.30 Comparisons of reinforcement stresses for specimen S1 at 250 kip (1112 kN) and
400 kip (1779 kN) of total load.

Based on the experimental results of the two specimens of phase I, namely S1 and S2, the
pre-test FEA results, and the observed excess of capacity provided to some failure modes, the
effectiveness of the reinforcing bars is assessed. Using the obtained stresses of reinforcing bars
for both specimens (by converting strain readings into stresses using the material stress-strain
relationships), the bars are classified as effective bars, less effective bars or ineffective bars. This
classification is used for the design of the specimens of phase II (see Chapter 6). The labeling of
the reinforcement is shown in Figure 5.31, and the obtained classification in Table 5.6. The
stresses shown in the table represent the average for both specimens considering all the
instrumented bars for each category of bars. For the reinforcement without instrumentation (bars
labeled 4, 11 and 12), the classification is performed based on the experimental observations
(e.g., crack patterns) and the pre-test FEA. The horizontal (in the prototype orientation) bar of
the diaphragm labeled 4 is classified as ineffective because it has a maximum compressive stress

in the pre-test FEA of 26.7% f,. The vertical (in the prototype orientation) bar of the seat

labeled 11 is classified as an effective bar because it provided strength to the punching shear

mechanism observed in both specimens; it has a maximum tensile stress of 100% f in the pre-

test FEA. Finally, the longitudinal bar of the diaphragm labeled 12 is classified as ineffective

because it has an average tensile stress in the pre-test FEA of 27.0% f .
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Fig. 5.31 Reinforcement labels.

Table 5.6 Classification of reinforcing bars.

Stress ) ) Bar Stress ) )
Bar label £, [%] Classification label £, [%] Classification
1 33.9 Ineffective 8 92.3 Effective
2 71.8 Less effective 9 102.3 Effective
3 101.1 Effective 10 60.1 Less effective
4 - Ineffective 11 - Effective
5 98.1 Effective 12 - Ineffective
6 115.3 Effective 13(t) 28.1 Ineffective
7 57.7 Less effective 13(b) 96.2 Effective

(t) Top longitudinal bars in the prototype orientation
(b) Bottom longitudinal bars in the prototype orientation



6 Experimental Program Phase Il: New Design
of In-Span Hinges

This chapter describes the experimental program and the results of the last three specimens
representing phase II, where new designs of in-span hinges were considered. The designs of
these specimens were based on the experimental results of the first two in-span hinges tested in
phase 1. Specimen S3 was designed identical to specimen S2 but had larger loading plates to
increase the punching shear capacity. Specimens S4 (analogous to specimen S1) and S5
(analogous to specimen S2) were designed with low reinforcement ratios aimed to improve the
performance and the constructability of in-span hinges. At the end of this chapter, concluding
remarks about phase II specimens are presented and the new designs are compared with the

designs of the as-built in-span hinges of phase I.

6.1 SPECIMEN DESIGN

The failure mode observed in the two specimens of phase I was a combination of 1D shear, SAT
and punching shear. The objective of specimen S3 was to test an in-span hinge with a possible
global failure mechanism, preventing the localized punching shear failure. This was intended to
observe a more ductile failure mode which effectively utilized the reinforcement in the in-span
hinge. Therefore, further assessment of the effectiveness of the different reinforcing bars is
achievable. Specimen S3 also provided fundamental data set to complement those of specimens
S1 and S2 to study the behavior of a specimen with a global failure mechanism. This additional
data is of great relevance for the intended future parametric study using the developed
computational model and the planned post-test FEA. To prevent the local punching shear failure
mode, specimen S3 was designed identical to specimen S2, but with oversized bearing plates to
increase the punching shear strength. The size of each bearing plate was increased from

6"x6"x3/4" (152 mmx152 mmx19 mm) to 6"x14"x3" (152 mmx356 mmx76 mm). The length



of this larger plate was selected to be one third of the distance between the bearing plates. The

test setup of specimen S3 with the larger bearing plates is shown in Figure 6.1.

Fig. 6.1 Bearing plate detail of specimen S3.

From the test results of specimens S1 and S2, it was identified that the current in-span
hinges are over-reinforced for sliding shear and bending moment resistance. The design of
specimen S4 was performed using the effectiveness of the reinforcing bars of the first two
specimens, described at the conclusion of Chapter 5. The design philosophy of specimen S4
revolves around making the strengths corresponding to all of the failure mechanisms of the in-
span hinge region to be uniform and consistent. This was achieved by making the design more
integral and economical. Moreover, attention to practicality for better performance was exercised
in the design. Specimen S5 was identical to specimen S4 but access openings were included in
specimen S5. Therefore, the relationship between the new integral designs of specimens S4 and
S5 was analogous to that between the as-built designs of specimens S1 and S2.

The reinforcement details at the bearing cross section of specimens S4 and S5 is shown in
Figure 6.2 and the complete structural drawings are shown in Appendix A. The comparisons
between the reinforcement ratios of the real in-span hinge projects with prestressed box girders
presented in Chapter 2, the first three specimens, and specimens S4 and S5 are shown in Figure
6.3. The figure shows that specimens S4 and S5 had reinforcement ratios that were close to the
minimum ratios observed in the real in-span hinge projects. The reinforcement ratios of all the
specimens and the prototype (defined in Chapter 3) are listed in Table 6.1. Specimens S4 and S5
represented a reduction of the total steel of the in-span hinge region of 45%. The largest
reduction of the reinforcement ratio was applied to the horizontal (vertical in the test orientation)

reinforcement of the seat, p ,, which was reduced from 1.90% to 0.63%.
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Fig. 6.2 Reinforcement details of specimens S4 and S5 (in test orientation).
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Fig. 6.3 Reinforcing steel ratios of test specimens and real projects.

109



Table 6.1 Reinforcing steel ratios (%) in in-span hinge region.

pdh pdv pdd Iosh Iosv psd Iolon
Prototype (Chapter 3) | 0.87 | 0.61 0.07 1.53 024 | 0.30 | 0.47
S1, S2, and S3 090 | 0.69 | 0.10 1.90 | 0.27 | 0.35 | 047
S4 and S5 0.58 | 046 | 0.00 | 0.63 | 027 | 0.35 | 0.34

6.2 SPECIMENS CONSTRUCTION

Specimens S3, S4 and S5 were constructed in phase II at the structural engineering laboratory of
the University of California, Berkeley, by a professional contractor. The concrete was supplied
by a local ready-mix plant using two trucks and was cast using a pump. The concrete of the first
truck was used to construct the bases of the three specimens and the concrete of the second truck
was used to construct the in-span hinge regions of the three specimens. Concrete was cured with
wet burlap for a period of 6 days inside the laboratory. At that age, the burlap was removed and
the specimens were stripped from the formwork. Figure 6.4 shows photographs of the

construction process of specimens S3, S4, and S5.

6.3 MATERIAL PROPERTIES

Analogous to phase I specimens, extensive material testing was conducted to concrete and
reinforcement for phase II specimens as part of the research program. The material testing
program was aimed to determine properties and constitutive relationships to be used in the future
post-test FEA. The summary of the material properties is presented in this section. Further

information about material testing is described in Appendix B.
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(a) Specimen S3 base (b) Specimen S3 reinforcement

(c) Specimen S4 reinforcement (d) Casting concrete

(e) Curing concrete (f) Stripped specimens

Fig. 6.4 Construction process of specimens S3, S4, and SS5.

6.3.1 Concrete

Normal-weight concrete was used with a specified design strength of 5 ksi (34.5 MPa) and 3/8"
(10 mm) maximum aggregate size. The summary of the concrete properties for specimens S3,
S4, and S5 is shown in Table 6.2. In this table, the measured concrete properties did not
significantly increase with concrete age beyond the standard 28 days. Accordingly, and since all

test specimens of phase II were constructed using the same concrete batch, the average values of
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the three specimens, reported in Table 6.2, will be considered in the post-test FEA. The average

splitting tensile strength and average modulus of rupture are equivalent to 6.9\/76’ [psi units] and
11.2\/70’ [psi units], respectively. The fracture energy test was not conducted for these specimens,

and the average value to be used will correspond to the fracture energy obtained from the
specimens of phase I.

As in phase I, the average stress-strain relationship of concrete in compression of the
phase II in-span hinges is shown in Figure 6.5. The hardening response part of this curve (below
the maximum strength) was obtained from the average of the force-control tests conducted for
the three in-span hinge specimens of phase II. On the other hand, the softening response part of
the curve was obtained from the average of the displacement-control tests conducted for phase I.

These tests are discussed in Appendix B.

Table 6.2 Properties of concrete in phase II.

Property S3 S4 S5 Average
. PR 6.89 6.82 6.91 6.87
Compressive strength f [ksi (MPa)] (47.5) (47.0) (47.6) (43.4)
Strain at peak stress €, 0.0035 0.0037 0.0034 0.0036
s . 2940 2860 2940 2910
Modulus of elasticity E, [ksi (GPa)] (203) (19.7) (203) (20.0)
e . . 0.62 0.54 0.56 0.57
litting tensile strength ksi (MP
Splitting tensile strength /, [kst MPa)l 1 o0 1 3770y | (336) | (3.93)
. 1.00 0.86 0.93
Modulus of rupture f. [ksi (MPa)] (6.90) - (5.93) (6.41)
Fracture energy G, [Ibf/in. (N/m)] - - - -
Age of testing [days] 29 37 50 -
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Fig. 6.5 Average stress-strain relationship of concrete in phase I1.

6.3.2 Reinforcement

The reinforcing steel used in the specimens of phase II was Grade 60, meeting the requirements
of ASTM A706-06 (ASTM 2004b). Specimens S3, S4, and S5 considered headed and non-
headed reinforcement as explained in Chapter 3. The summary of the average reinforcing steel
properties used in specimens of phase II is shown in Table 6.3.

The stress-strain relationships of the reinforcing steel to be used in the FEA are shown in

Figure 6.6. These curves follow the Voce equation (Voce 1948), which is implemented in the

finite element software DIANA (DIANA 2007).

Table 6.3 Average properties of reinforcing steel in phase I1.

ey #3 #3 #4
Non-headed Headed Headed
Yield stress f, [ksi (MPa)] 74.9 (516) 73.4 (506) 66.8 (460)
Ultimate stress f, [ksi (MPa)] 102.7 (708) 95.1 (656) 94.7 (653)
Yield strain £, 0.0028 0.0026 0.0023
Ultimate strain €, 0.109 0.081 0.121
Modulus of elasticity E| [ksi (GPa)] | 26640 (184) | 28140 (194) | 28070 (194)
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Fig. 6.6 Stress-strain relationships for reinforcing steel in phase II.

6.4 INSTRUMENTATION

Specimens S3, S4, and S5 were instrumented with a total of 3 load cells and 27 displacements
transducers as described in Chapter 3. Specimens S3 was additionally instrumented with 60
strain gages, and specimens S4 and S5 with 50 strain gages. All the instruments were connected
to a data acquisition system of 128 channels. The locations of the strain gages on the reinforcing
steel of phase II specimens are described below.

The locations of the strain gages of specimen S3 are similar to those of specimens S1 and
S2. For specimen S3, most of the bars were instrumented with only one gage, and two additional
bars, compared to specimens S1 and S2, were also instrumented. These strain gages are shown in

Figure 6.7. A total of 11 strain gages were located in a cross section through each bearing
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(section b-b) to quantify the reinforcement stresses, and to identify the load transfer mechanism.
At this cross section, 3 gages were located on horizontal bars (vertical in the test orientation) of
the seat (H1, H3, and HS), 2 gages were located on vertical bars (V1 and V5), and 2 gages were
located on diagonal bars (D1 and D3). These 7 gages allowed identifying the possible failure
modes of the seat: sliding shear friction, bending moment, 1D shear, SAT, and punching shear.
The remaining 4 gages of cross section b-b are located on horizontal bars (vertical in the test
orientation) of the diaphragm (B1, B3, BS5, and B7) to measure the anchorage of the in-span
hinge to the base.
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Fig. 6.7 Strain gage locations for specimen S3.
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A total of 30 gages were located in groups of 5 gages (H1, V1, V5, D1, and B5) in cross
sections c-c¢ throughout the length of the specimen. These gages were used to measure the 3D
effects of the load transfer from the bearing throughout the length of the diaphragm. Finally, a
total of 8 gages (LP1-LP8) were located on longitudinal bars of the seat to measure the bending
of the seat.

Specimens S4 and S5 were instrumented with 50 gages each as shown in Figure 6.8. A
total of 6 strain gages were located in a cross section through each bearing (section b-b) to
quantify the reinforcement stresses and to identify the load transfer mechanism. At this cross
section, 1 gage was located on a horizontal bar (vertical in the test orientation) of the seat (H1), 2
gages were located on vertical bars (V1 and V5), and 1 gage was located on a diagonal bar (D1).
These 4 gages allowed identifying the possible failure modes of the seat: sliding shear friction,
bending moment, 1D shear, SAT, and punching shear. The remaining 2 gages of cross section b-
b were located on horizontal bars (vertical in the test orientation) that connect the seat to the base
(B3 and B5) to measure the anchorage of the in-span hinge to the base. The remaining 38 gages
for other locations than cross sections b-b were located in the same positions as the ones

described for specimen S3.

6.5 PRE-TEST STRENGTH ESTIMATION

The capacity of the in-span hinge specimens was estimated using the analytical models described
in Chapter 2. These analytical models are sliding shear friction at the seat and at the diaphragm,
moment strength at the seat and at the diaphragm, 1D shear strength at the seat, SAT, and
punching shear. For the capacity estimates, the average strength of the materials at the time of

the tests was used, as indicated in Tables 6.2 and 6.3 for concrete and steel, respectively.
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Fig. 6.8 Strain gage locations for specimens S4 and S5.

The SAT capacity was computed using a 2D truss model. The SAT model of specimen
S3 was identical to that of specimens S1 and S2 described in Chapter 5. For specimens S4 and
S5, the proposed truss topology is shown in Figure 6.9. The width of this truss considered the
total width of the specimen, which is 96" (2438 mm). Therefore, the steel area of each tie was the
sum of the bars along the specimen length. For specimen S5, the openings in the concrete were
neglected in the truss model, but the areas of steel of the ties took into account the reduction of
the number of bars at the openings. In this 2D SAT, the 3D behavior induced by the discrete

loads at the bearings was neglected.
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Fig. 6.9 Strut-and-tie model for specimens S4 and S5 (in test orientation).

The larger SAT capacity of the statically indeterminate truss shown in Figure 6.9 was

achieved when the diagonal tie of the seat p, and the vertical tie of the diaphragm p,,

(horizontal tie in the test orientation) were yielding simultaneously. The SAT capacities for
specimens S4 and S5 were 295 kip (1312 kN) and 256 kip (1139 kN), respectively. These
capacities are lower than those of specimens S1 and S2 because the new design had only one
vertical tie (horizontal tie in the test position) in the diaphragm p,, instead of two for the as-built
design (Fig. 5.6).

The capacity estimates using the described analytical models are listed in Table 6.4. In
the same table, the experimental results and the factored Caltrans design loads are tabulated for
completeness. From this table, it can be observed that the punching shear capacity of specimen
S3 is increased due to the effect of the larger bearing plates by increasing the amount of concrete
that contributed in the punching shear mechanism. These larger bearing plates increased the
punching shear capacity by 23% compared to specimens S1 and S2. For specimens S4 and S5, it
can be observed that the strength prediction of the different failure modes was more uniform than
that for specimens S1 and S2, as intended by the reduction of the different reinforcement ratios
discussed in Section 6.1. It is to be noted that the low strength prediction given by the SAT
model was found to be conservative in specimens S1 and S2 because it neglected the concrete
contribution in tension. For specimens S4 and S5, the sliding shear friction at the diaphragm and
the bending moment strength at both the seat and the diaphragm were reduced considerably by
reducing the reinforcement ratios. The 1D shear strength at the seat and the punching shear

strength were equivalent to those of specimens S1 and S2 because the same reinforcement ratios

118



contributed to these failure modes. The 5% increase of the predicted strength of specimens S4

and S5 compared to specimens S1 and S2 for these modes of failure was attributed to the

different material properties.

Table 6.4 Strength estimates of specimens S3, S4, and S5 [kip (kN)].

S3 S4 S5
Sliding shear friction at seat 744 (3309) 721 (3207) 627 (2789)
Sliding shear friction at diaphragm | 1096 (4875) 615 (2736) 534 (2375)
Moment strength at seat 628 (2793) 406 (1806) 388 (1726)
Moment strength at diaphragm 651 (2896) 473 (2104) 414 (1842)
1D shear strength at seat 395 (1753) 446 (1984) 395 (1753)
SAT 337 (1499) 295 (1312) 256 (1139)
Punching shear 493 (2193) 400 (1779) 400 (1779)
Experimental capacity 535 (2380) 380 (1690) 384 (1708)
Factored Caltrans design load 136 (605) 136 (605) 136 (605)

For the sliding shear friction mode at the seat and at the diaphragm, the strength of
specimen S3 was controlled by the ACI limit of 8004, [Ibf, in.],whereas for specimens S4 and

S5, at the seat and diaphragm reductions of the sliding shear strength were observed. This is
attributed to the lower reinforcement ratio of the reinforcing bars that crossed the sliding plane.
The factored Caltrans design loads for the test specimens were obtained by scaling the
factored design load of the prototype in-span hinge defined in Chapter 3. Therefore, analogous to
phase I specimens, the design load for specimens S3, S4, and S5 was equal to 2x611/(3)* =136
kip (605 kN). The factored Caltrans design loads conservatively corresponded to only 25%, 36%

and 35% of the real strength obtained from testing specimens S3, S4, and S5, respectively.

6.6 SPECIMEN S3 TEST RESULTS

The experimental results of specimen S3 are presented in this section. Specimen S3 was identical
to specimen S2 but had larger bearing plates to increase the punching shear strength and produce
a global mode of failure. It is to be noted that results shown as envelopes of the cyclic loading

are consistent with the envelope of the global force-displacement relationship.
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6.6.1 General Observations

Equivalent to the specimens of phase I, the initial crack appeared near the seat corner with the
diaphragm at 0.08" (2.0 mm) peak displacement cycle, as indicated by the arrow in Figure 6.10a.
At this displacement, the specimen load was 85 kip (378 kN). At 0.11" (2.8 mm) peak
displacement cycle, vertical (in the test orientation) bending cracks appeared behind the bearing
plates as shown in Figure 6.10b. At this displacement, the specimen load was 102 kip (454 kN).
At the 0.2" (5.1 mm) peak displacement cycle, only vertical (in the test orientation) bending
cracks were observed behind the seat, as shown behind the instrument in Figure 6.10c. The
diagonal cracks observed in specimens S1 and S2 did not appear in specimen S3 due to the effect
of the larger bearing plates. However, at this load level, a diagonal crack appeared in the bearing
side toward the free end of the specimen, as shown in Figure 6.10d. The damage propagation for
the 0.4" peak displacement cycle is shown in Figures 6.10e—f.

When reaching the maximum strength of the specimen, the initial crack located near the
seat corner with the diaphragm became wider and it was spread over the entire length of the
specimen, as shown in Figure 6.10h. Consequently, a global shear failure mode was observed
throughout the whole seat length. When the specimen was responding on the descending branch,
the east bearing started to deform considerably and a punching shear mechanism was observed,
as shown in Figures 6.10g—h. The shear plane induced by the shear failure mode is also shown in

Figure 6.10g
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Fig. 6.10 Damage propagation during test of specimen S3.

121



The test of specimen S3 was terminated at about 2" (50.8 mm) displacement. At this
displacement level, fracture of bars in tension was observed in some diagonal bars located in the
vicinity of the bearings. At this displacement, the total force was reduced to about 30% of the
maximum strength, and rotation of the loading beam was observed toward the east side. The
rotation was due to the differential displacements of the two bearings caused by the

concentration of damage in the vicinity of the east bearing.

6.6.2 Load-Displacement Relationships

The applied load-displacement relationship of specimen S3 is shown in Figure 6.11. The
displacement was measured with the built in actuator transducer, and the load corresponded to
the sum of the two load cells attached to the loading beam. The peak total load of 535 kip (2380
kN) was achieved at 0.62" (15.7mm) displacement. This strength was 26% larger than that of
specimen S2 because a global shear failure was observed in specimen S3, where the whole in-
span hinge length was fully effective in resisting the applied load. After the peak load was
reached, the relationship shows a constant force level that was not observed in phase I
specimens. Subsequently, the relationship shows a rapid decrease in the capacity. At the final
load, the strength was provided mainly by the tensile force of the diagonal bars, the friction in
the global shear mechanism, and the dowel action of the horizontal (vertical in the test
orientation) bars through the shear failure plane.

The load-displacement relationships at both bearings are shown in Figure 6.12. The
figure shows the response using the displacement of the concrete seat, measured with the
instruments SHT2 and SHT4 (Fig. 3.11) for the east and west sides, respectively. The
relationships show that both sides of the in-span hinge failed during the test because descending
branches were observed (although less pronounced for the west side than the east side) after the
maximum strength (Fig. 6.12a). However, the west side started to unload at about 0.8" (20.3
mm) and the displacement started to concentrate in the east side (opposite to the response of
specimens S1 and S2 where the displacement started to concentrate in the west side). The
relationships of both bearings show a yielding plateau of about 0.5" (12.7 mm) that was not

observed in phase I specimens.
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Fig. 6.11 Load-displacement of specimen S3.
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Fig. 6.12 Load-displacement at bearings of specimen S3.

The maximum strengths of the east and west bearings were 273 kip (1214 kN) and 265
kip (1179 kN), respectively. The corresponding displacements at the peak load were 0.39" (9.9
mm) and 0.42" (10.7 mm) for the east and west bearings, respectively. These displacements were
29% larger than the displacements observed in specimen S2. The increase in the displacement
corresponding to the peak load is due to the more ductile failure mode associated with the use of

larger bearing plates. The initial stiffnesses considering the concrete seat displacement were
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2005 kip/in. (351 kN/mm) and 1668 kip/in. (292 kN/mm) for the east and west bearings,

respectively. These values correspond to secant stiffness computed using a 50 kip (22 kN) load.

6.6.3 Seat Deformation Profiles

The seat deformation profile along the in-span hinge length (horizontal deformation of the seat in
the test orientation) is shown in Figure 6.13a. The figure shows the displacement at 50%, 75%,
and 100% of the maximum specimen load. The displacement profile was measured with 5
instruments, where the instruments SHT2 and SHT4 corresponded to the cross sections of the
east and west bearings, respectively. The figure shows that the displacements at the two bearing
cross sections were equivalent for 50% and 75% of the maximum load. For 75% of the
maximum load, the displacements measured with the instruments at the edges and at the middle
represented 72% and 87% of the displacement measured at the two bearings. This deformation
profile suggested that the load was resisted more uniformly, compared to specimen S2,
throughout the seat length due to the larger bearing plates. At 100% of the maximum load, the
displacements of both bearings increased considerably, which agreed with the load-displacement
relationship of Figure 6.12, where both sides reached the maximum strength during the test.

The displacement profile along the specimen height at the two bearing cross sections is
shown in Figure 6.13b, analogous to specimens S1 and S2. The figure shows the displacement at
50%, 75%, and 100% of the maximum specimen load. This horizontal displacement (in the test
orientation) was measured with top (T), middle (M) and bottom (B) displacement transducers.
The exact location of these instruments is described in Chapter 3. Figure 6.13b shows a linear
displacement variation along the height, which implies a shear deformation profile of the
specimen. In contrast, a bending deformation profile is characterized by a cubic displacement

variation along the height.
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Fig. 6.13 Seat deformation profiles at 50%, 75%, and 100% of peak load of specimen S3.

6.6.4 Reinforcing Steel Behavior

The strains on the reinforcing steel bars of specimen S3 were measured with a total of 60 strain

gages. The details of the reinforcement and the location of the most important strain gages are

shown in Figure 6.14. From the strain measurements, reinforcing bar stresses were computed

using the stress-strain relationships obtained from the reinforcing bar material tests (Fig. 6.6).
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Fig. 6.14 Strain gage locations in specimen S3 (in test orientation).

The relationships of the envelopes of the reinforcement stresses versus the applied load,

at both bearing cross sections (east and west), are shown in Figure 6.15. The figure shows that

yielding was initiated in diagonal bar D1 (Fig. 6.15a) located at the seat, which yielded at an
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applied load of 260 kip (1156 kN). This initial yielding was consistent with the crack initiation

near the seat corner with the diaphragm.
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Fig. 6.15 Stresses in reinforcement at bearing cross sections versus applied load of

specimen S3.

Figure 6.15b shows that the second bar that reached yielding after diagonal bar D1 was
the horizontal (vertical in the test orientation) bar at H1, which yielded at an applied load of 371
kip (1650 kN). The unequal stresses at these horizontal bars (vertical in the test orientation),
namely H1, H3, and HS5 in Figure 6.14, confirm that the sliding shear mechanism in the seat did
not develop during the test. Moreover, major horizontal cracks at the seat-diaphragm sliding

surface were not observed during the test.
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The stresses of the vertical (horizontal in the test orientation) bars are shown in Figure
6.15¢c. The figure shows that the vertical bars at the locations V1 reached yielding stress at an
applied load of 421 kip (1873 kN). The strain gage V5 on the vertical bar (horizontal in the test
orientation) was installed to investigate the punching shear behavior. Figure 6.15¢ shows
negligible stresses in bars V5 because it was found that the bars at the bearing cross sections
were not located in the punching shear failure plane.

The stresses in the horizontal (vertical in the test orientation) bars of the diaphragm are
shown in Figure 6.15d. The figure shows that yielding occurred only in the bar with the strain
gage labeled B5 (and to a lesser extent the bar with the strain gage labeled B3). Again, the
unequal stresses of the base bars, namely B1, B3, BS5, and B7, suggest that the sliding shear
mechanism in the diaphragm did not develop during the test, and major horizontal cracks at the
diaphragm-base sliding surface were not observed during the test.

The strain distribution at the seat and at the diaphragm in the bearing cross sections are
shown in Figure 6.16. These distributions are shown for 25%, 50%, 75%, and 100% of the
maximum applied load at the east and west bearing cross sections. The strain distribution along
the seat width (Fig. 6.16a) shows that it is not linear, especially when the maximum strength was
achieved. Therefore, Bernoulli’s hypothesis of plane sections remaining plane after bending

becomes doubtful. At the peak load, the maximum strain observed at H1 was 24300 ue (2.4%),

this strain is about 4 times larger than that measured in specimen S2. The increase in the strains
at H1 agrees with the major horizontal crack observed at the seat corner of the west bearing in
Figure 6.10h. From the strain distribution along the diaphragm shown in Figure 6.16b, it is
concluded that Bernoulli’s hypothesis of plane section remaining plane after bending is not
applicable at this cross section either. The highest strain was measured at the bar B5, rather than
at the extreme bar B1l. For both the seat and the diaphragm cross sections, the high bending
capacity provided at these sections and the observed strain distributions confirm that this failure

mode was unlikely to occur.
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Fig. 6.16 Horizontal (vertical in test orientation) strain distribution along seat and
diaphragm width at 25%, 50%, 75%, and 100% of peak load of specimen S3.

The stress of the longitudinal bar located at the bottom part of the seat (in the prototype
orientation) was measured with 8 strain gages (LP1-LPS8) located in the vicinity of the bearings,
as for specimens S1 and S2. The stress distribution in this bar is shown in Figure 6.17 for 25%,
50%, 75%, and 100% of the maximum applied load. The stress distribution shows the bending
action of the seat about the direction perpendicular to the diaphragm. This bending behavior
agrees with the observed seat deformation profile and with the vertical (in the test orientation)
bending cracks shown in Figure 6.10b. Nevertheless, this bending action was smaller, and

without any bar yielding, than that observed in specimen S2 because of the presence of the larger

bearing plates.
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Fig. 6.17 Stress distribution of longitudinal bar at 25%, 50%, 75%, and 100% of peak load
of specimen S3.
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The strain and stress distributions on the reinforcing bars throughout the specimen length
are shown in Figures 6.18-6.20 for 25%, 50%, 75%, and 100% of the maximum applied load.
The locations of the bars with their strain gages are shown in Figure 6.14. From the test results,
the larger strains were observed in diagonal bars D1 of the seat. The strain and stress
distributions of this bar are shown in Figures 6.18a and b, respectively. It can be observed that a
peak strain of 29400 ue (~2.9%) was measured in the vicinity of the west bearing at the
maximum applied load. This large strain is about 11 times larger than the yield strain of the
reinforcing bar. The stresses of the diagonal bars were distributed uniformly throughout the
specimen length, in contrast to specimen S2 where the stresses are concentrated in the vicinity of

the bearings for low load levels.
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Fig. 6.18 Stresses and strains of diagonal reinforcing bars throughout in-span hinge length
at 25%, 50%, 75%, and 100% of peak load of specimen S3.

The strain and stresses of the horizontal (vertical in the test orientation) bars H1 and
vertical (horizontal in the test orientation) bars V1 are shown in Figure 6.19a—d. The stresses of
these horizontal and vertical bars were lower than those of the diagonal bars and they were also
distributed uniformly throughout the specimen length. At the maximum strength of the seat, the
yielding of both bars, H1 and V1, was also observed throughout the whole length of the
diaphragm, analogous to diagonal bar D1 in Figure 6.18b. The strain and stresses of the vertical
(horizontal in the test orientation) bars V5 of the seat is shown in Figure 6.19¢ and f,
respectively. The low level of stresses of these bars (there were no yielding) indicate the absence

of the punching shear mechanism in the seat, especially at the free edge of the seat where V5 was
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located. Finally, the distributions of strain and stresses of the horizontal (vertical in the test
orientation) bars B5 of the diaphragm are shown in Figures 6.20a and b, respectively. These
almost uniform distributions suggest that the whole diaphragm length was resisting the applied

load.
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Fig. 6.19 Stresses and strains of vertical and horizontal reinforcing bars throughout in-
span hinge length at 25%, 50%, 75%, and 100% of peak load of specimen S3.
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Fig. 6.20 Stresses and strains of diaphragm reinforcing bars throughout in-span hinge
length at 25%, 50%, 75%, and 100% of peak load of specimen S3.

6.7 SPECIMEN S4 TEST RESULTS

The experimental results of specimen S4 are presented in this section. Specimen S4 was a new
design that considered low reinforcement ratios to improve the constructability and the structural
performance, providing uniform strengths for the different failure modes. The geometry of
specimen S4 was identical to specimen S1 as they did not have any utility openings. It is to be
noted that results shown as envelopes of the cyclic loading are consistent with the envelope of

the global force-displacement relationship.

6.7.1 General Observations

Equivalent to the first three specimens, the initial crack appeared near the seat corner with the
diaphragm at 0.08" (2.0 mm) peak displacement cycle, as indicated by the arrow in Figure 6.21a.
At this displacement, the specimen load was 107 kip (476 kN). At 0.11" (2.8 mm) peak
displacement cycle, vertical (in the test orientation) bending cracks appeared behind the bearing
plates, as shown in Figure 6.21b. At this displacement, the specimen load was 147 kip (654 kN).
The first diagonal crack appeared at the 0.2" (5.1 mm) peak displacement in the seat behind the
bearing plates, as shown in Figure 6.21c. The angle of inclination of this crack was 45° as was

also observed in specimens S1 and S2. Additionally, a horizontal (in the test orientation) bending
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crack appeared at the seat in the bearing side as shown in Figure 6.21d. This horizontal crack
was different from the crack pattern observed in specimen S1, which was characterized by
diagonal cracks. The damage propagation for the 0.4" peak displacement cycle is shown in
Figures 6.21e and f.

When reaching the maximum strength of the specimen, the deformation and damage
concentrated at the west side of the specimen. On this side, the width of the vertical (in the test
orientation) cracks increased considerably, measuring up to 0.08" (2.0 mm). Subsequently, a
horizontal (in the test orientation) crack appeared at the top of the seat between the two bearing
plates and finally a vertical (in the test orientation) punching shear crack appeared in the middle
of the specimen, as shown in Figure 6.21g. At this load level, increase of the width of the vertical
(in the test orientation) crack in the seat located behind the bearing plate occurred because of the
lower longitudinal reinforcing steel provided at the seat.

Finally, a combined mode of failure of 1D shear and punching shear was observed in the
west bearing. Figure 6.21h shows a top view of the west bearing region with punching shear
cracks oriented toward only the middle of the specimen. Additionally, the figure shows
anchorage failure of the vertical (horizontal in the test orientation) bars at the end of the seat that
were used to resist the punching shear.

The test of specimen S4 was terminated at about 2" (50.8 mm) displacement. At this
displacement level, fracture of bars in tension was observed in some diagonal bars of the west
side. At this displacement, the total force was reduced to about 16% of the maximum strength.
Additionally, rotation of the loading beam was observed toward the west side due to the
differential displacements of the two bearings caused by the concentration of damage in the

vicinity of the west bearing.
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Fig. 6.21 Damage propagation during test of specimen S4.
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6.7.2 Load-Displacement Relationships

The applied load-displacement relationship of specimen S4 is shown in Figure 6.22. The
displacement was measured with the built in actuator transducer, and the load corresponded to
the sum of the two load cells attached to the loading beam. The peak total load of 380 kip (1690
kN) was achieved at 0.36" (9.1 mm) displacement. This strength was 19% smaller than that of
specimen S1, where both specimens did not contain utility openings. This reduction in strength
was caused by the lower reinforcement ratio of specimen S4 compared to S1. After the peak load
was achieved, the relationship shows a rapid decrease in the capacity and the strength was
provided mainly by the tensile force of the diagonal bars, the friction of the shear mechanism and
the dowel action of the horizontal bars (vertical in the test orientation).
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Fig. 6.22 Load-displacement of specimen S4.

The load-displacement relationships at both bearings are shown in Figure 6.23. The
figure shows the responses using the displacement of the concrete seat, measured with the
instruments SHT2 and SHT4 (Fig. 3.11) for the east and west sides, respectively. The
relationships show that the east bearing did not fail during the test, since the east deformation
decreased when the west bearing started to fail. The decrease of the east deformation was due to

the lower load that was applied by the system caused by the failure observed on the west side.
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Fig. 6.23 Load-displacement at bearings of specimen S4.

The maximum strengths of the east and west bearings were 192 kip (854 kN) and 190 kip
(845 kN), respectively. The corresponding displacements at the peak loads were 0.20" (5.1 mm)
for both bearings. This displacement was 43% smaller than that observed in specimen S1. The
initial stiffnesses considering the concrete seat displacement were 4124 kip/in. (722 kN/mm) and
4943 kip/in. (866 kN/mm) for the east and west bearings, respectively. These values correspond
to secant stiffness computed using a 50 kip (22 kN) load.

6.7.3 Seat Deformation Profiles

The seat deformation profile along the in-span hinge length (horizontal deformation of the seat in
the test position) is shown in Figure 6.24a. The figure shows the displacement at 50%, 75%, and
100% of the maximum specimen load. The displacement profile was measured with five
instruments, where the instruments SHT2 and SHT4 corresponded to the cross sections of the
east and west bearings, respectively. The figure shows that the displacements at the two bearing
cross sections were almost identical for the three load levels. For 75% of the maximum load, the
displacements measured with the instruments at the edges and at the middle represented 42% and
64% of the displacement measured at the two bearings. This deformation profile suggested that
the load was resisted mainly by the regions of the seat located in the vicinity of the bearings.

The displacement profile along the specimen height at the two bearing cross sections is

shown in Figure 6.24b. The figure shows the displacement at 50%, 75%, and 100% of the
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maximum specimen load. This horizontal displacement (in the test orientation) was measured
with top (T), middle (M), and bottom (B) displacement transducers. The exact location of these
instruments is shown in Chapter 3. Figure 6.24b shows a linear displacement variation along the
height, which implies a shear deformation profile of the specimen. In contrast, a bending
deformation profile is characterized by a cubic displacement variation along the height. This is

analogous to specimens S1 and S2.
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Fig. 6.24 Seat deformation profiles at 50%, 75%, and 100% of peak load of specimen S4.

6.7.4 Reinforcing Steel Behavior

The strains on the reinforcing steel bars of specimen S4 were measured with a total of 50 strain
gages. The details of the reinforcement and the location of the most important strain gages are
shown in Figure 6.25. From the strain measurements, reinforcing bar stresses were computed

using the stress-strain relationships obtained from the reinforcing bar material tests (Fig. 6.6).
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Fig. 6.25 Strain gage locations in specimens S4 and S5 (in test orientation).

The relationships of the envelopes of the reinforcement stresses versus the applied load,
at both bearing cross sections (east and west), are shown in Figure 6.26. The figure shows that
yielding initiated in diagonal bar D1 (Fig. 6.26a) located at the seat, which yielded at an applied
load of 242 kip (1076 kN). This initial yielding was consistent with crack initiation near the seat
corner with the diaphragm.

Figure 6.26b shows that the second bar that reached yielding after diagonal bar D1 was
the horizontal (vertical in the test orientation) bar at H1, which yielded at an applied load of 286
kip (1272 kN). Unlike specimen S1, this bar yielded before the vertical (horizontal in the test
orientation) bar V1 because of the lower bending capacity of the seat in specimen S4 compared
to specimen S1.

The stresses of the vertical bars (horizontal in the test orientation) are shown in Figure
6.26¢. The figure shows that the vertical bars at the locations V1 reached yielding stress at an
applied load of 355 kip (1579 kN). At this larger load, the diagonal and vertical bars were
yielding, which corresponded to the development of the SAT mechanism. The strain gage V5 at
the vertical bar (horizontal in the test orientation) was installed to determine punching shear
behavior. Figure 6.26¢ shows negligible stresses in these vertical bars, V5, because it was found
that these bars at the bearing cross sections were not located in the punching shear failure

surface.
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Fig. 6.26 Stresses in reinforcement at bearing cross sections versus applied load of

specimen S4.

The stresses in the horizontal bars (vertical in the test orientation) of the diaphragm are
shown in Figure 6.26d. The figure shows that yielding occurred in both horizontal bars, B3 and
BS5, contrary to observations of specimen S1, where only the B5 bar yielded due to the excess of
reinforcement in the diaphragm of specimen S1 compared to specimen S4.

The stress of the longitudinal bar located at the bottom part of the seat (in the prototype
orientation) was measured with eight strain gages (LP1-LP8) located in the vicinity of the
bearings. The stress distribution in this bar is shown in Figure 6.27 for 25%, 50%, 75%, and
100% of the maximum applied load. The stress distribution shows bending action of the seat

about the direction perpendicular to the diaphragm. This bending behavior agrees with the
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observed seat deformation profile and with the vertical (in the test orientation) bending cracks

shown in Figure 6.21b.
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Fig. 6.27 Stress distribution of longitudinal bar at 25%, 50%, 75%, and 100% of peak load
of specimen S4.

The distribution of strains and stresses in the reinforcing bars throughout the specimen
length are shown in Figures 6.28-6.30 for 25%, 50%, 75%, and 100% of the maximum applied
load. The locations of the bars with their strain gages are shown in Figure 6.25. From the test
results, the larger strains were observed in diagonal bars D1 of the seat. The strains and stresses
distribution of this bar are shown in Figures 6.28a and b, respectively. It can be observed that a
peak strain of 11000 xe (1.1%) was measured in the vicinity of the west bearing at the
maximum applied load. This strain corresponded to 38% of the maximum strain measured in
specimen S1. The stress distribution shows that the stresses of these diagonal bars were
concentrated in the vicinity of the bearings for 25% and 50% of the maximum load. At these low
load levels, an effective seat length parallel to the diaphragm axis can be considered to resist the
applied load, whereas when the maximum strength of the in-span hinge was achieved, yielding

was spread throughout the whole seat length and an effective seat length was not observed.
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Fig. 6.28 Stresses and strains of diagonal reinforcing bars throughout in-span hinge
length at 25%, 50%, 75%, and 100% of peak load of specimen S4.

The strains and stresses of the horizontal (vertical in the test orientation) bars H1 and
vertical (horizontal in the test orientation) bars V1 are shown in Figures 6.29a—d. The stresses of
these horizontal and vertical bars were concentrated in the vicinity of the bearings. In contrast to
specimen S1, the horizontal (vertical in the test orientation) bars H1 showed more stresses than
the vertical (in the test orientation) bars V1 because of the lower bending capacity provided to
specimen S4. The strain stresses of the vertical (horizontal in the test orientation) bars V5 of the
seat are shown in Figures 6.29e—f. The peak stress of 50 ksi (345 MPa) of these bars agreed with
the punching shear crack observed at the west bearing. This bar did not yield due to the
anchorage premature failure shown in Figure 6.21h. Finally, the distributions of strains and
stresses of the horizontal bars (vertical in the test orientation) of the diaphragm are shown in
Figures 6.30a and b, respectively. These distributions suggest that the load was mainly resisted

by the regions located in the vicinity of the bearings.
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Fig. 6.29 Stresses and strains of vertical and horizontal reinforcing bars throughout in-
span hinge length at 25%, 50%, 75%, and 100% of peak load of specimen S4.
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Fig. 6.30 Stresses and strains of diaphragm reinforcing bars throughout the in-span hinge
length at 25%, 50%, 75%, and 100% of peak load of specimen S4.

6.8 SPECIMEN S5 TEST RESULTS

The experimental results of specimen S5 are presented in this section. Specimen S5 was identical
to specimen S4 but included utility openings, similar to specimens S2 of phase I. It is to be noted
that the results shown as envelopes of the cyclic loading are consistent with the envelope of the

global force-displacement relationship.

6.8.1 General Observations

Equivalent to the first four specimens, the initial crack appeared near the seat corner with the
diaphragm at 0.08" (2.0 mm) peak displacement cycle, as indicated by the arrow in Figure 6.31a.
At this displacement, the specimen load was 63 kip (280 kN). At 0.11" (2.8 mm) peak
displacement cycle, vertical (in the test orientation) bending cracks appeared behind the bearing
plates as shown in Figures 6.31b—c. At this displacement, the specimen load was 111 kip (494
kN). At the 0.2" (5.1 mm) peak displacement cycle and similar to specimen S4, a horizontal
crack (in the test orientation) appeared near the seat at the bearing side as shown in Figure 6.31d.
This horizontal crack (similar to specimen S2) was different from the crack pattern observed in
specimen S1 which was characterized by diagonal cracks. The damage propagation for the 0.4"

peak displacement cycle is shown in Figure 6.31e.
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When reaching the maximum strength of the specimen, the deformation and damage
concentrated at the west side of the specimen. On this side, the width of the vertical (in the test
orientation) cracks increased considerably measuring up to 0.07" (1.8 mm). Subsequently, a
combined 1D shear and punching shear failure mode was observed in the west bearing. For this
specimen, the 1D shear crack of the seat was extended to the free end of the specimen as shown
in Figure 6.31f. This shear failure plane is also shown in Figure 6.31g. The punching shear
failure occurred in the west bearing toward the middle of the specimen, as shown in Figure
6.31h. Additionally, anchorage failure was observed for the vertical (horizontal in the test
orientation) bars at the end of the seat that were used to resist the punching shear.

The test was terminated at about 2" (50.8 mm) displacement. At this displacement level,
fracture of bars in tension was observed in some diagonal bars at the west side, and the total
force was reduced to about 20% of the maximum strength. Additionally, rotation of the loading
beam was observed toward the west side due to the differential displacements of the two

bearings caused by the concentration of damage in the vicinity of the west bearing.
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Fig. 6.31 Damage propagation during test of specimen SS5.
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6.8.2 Load-Displacement Relationships

The applied load-displacement relationship of specimen S5 is shown in Figure 6.32. The
displacement was measured with the built in actuator transducer, and the load corresponded to
the sum of the two load cells attached to the loading beam. The peak total load of 384 kip (1708
kN) was achieved at 0.42" (10.7 mm) displacement. This strength was comparable to that of
specimen S4 in spite of the presence of utility openings in specimen S5. After the peak load was
achieved, the relationship shows a rapid decrease in the capacity and that the strength was
provided mainly by the tensile force of the diagonal bars, the friction in the shear mechanism,

and the dowel action of the horizontal (vertical in the test orientation) bars.
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Fig. 6.32 Load-displacement of specimen S5.

The load-displacement relationships at both bearings are shown in Figure 6.33. The
figure shows the responses using the displacement of the concrete seat, measured with the
instruments SHT2 and SHT4 (Fig. 3.11) for the east and west sides, respectively. The
relationships show that the east bearing did not fail during the test, since the east deformation
decreased when the west bearing started to fail. The decrease of the east deformation was due to
the lower load that was applied by the system caused by the punching shear failure observed on

the west side.
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The maximum strengths of the east and west bearings were 196 kip (872 kN) and 189 kip
(841 kN), respectively. The corresponding displacements at the peak loads were 0.24" (6.1 mm)
for both bearings. This displacement was 23% smaller than that observed in specimen S2. The
initial stiffnesses considering the concrete seat displacement were 6250 kip/in. (1095 kN/mm)
and 4576 kip/in. (801 kN/mm) for the east and west bearings, respectively. These values
correspond to secant stiffness computed using a 50 kip (22 kN) load.
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Fig. 6.33 Load-displacement at bearings of specimen S5.

6.8.3 Seat Deformation Profiles

The seat deformation profile along the in-span hinge length (horizontal deformation of the seat in
the test position) is shown in Figure 6.34a. The figure shows the displacement at 50%, 75%, and
100% of the maximum specimen load. The displacement profile was measured with five
instruments, where the instruments SHT2 and SHT4 corresponded to the cross sections of the
east and west bearings, respectively. The figure shows that the displacements at the two bearing
cross sections were almost identical for the three load levels. For 75% of the maximum load, the
displacements measured with the instruments at the edges and at the middle represented 56% and
72% of the displacement measured at the two bearings. This deformation profile suggested that
the load was resisted mainly by the regions of the seat located in the vicinity of the bearings.

The displacement profile along the specimen height at the two bearing cross sections is

shown in Figure 6.34b. The figure shows the displacement at 50%, 75%, and 100% of the
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maximum specimen load. This horizontal displacement (in the test orientation) was measured
with top (T), middle (M), and bottom (B) displacement transducers. The exact location of these
instruments is described in Chapter 3. Figure 6.34b shows a linear displacement variation along
the height, which implies a shear deformation profile of the specimen. In contrast, a bending
deformation profile is characterized by a cubic displacement variation along the height. This

result was also obtained in the first four specimens.
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Fig. 6.34 Seat deformation profiles at 50%, 75%, and 100% of peak load of specimen SS5.

6.8.4 Reinforcing Steel Behavior

The strains on the reinforcing steel bars of specimen S5 were measured with a total of 50 strain
gages. The details of the reinforcement and the location of the most important strain gages are
shown in Figure 6.25. From the strain measurements, reinforcing bar stresses were computed
using the stress-strain relationships obtained from the reinforcing bar material tests (Fig. 6.6).

The relationships of the envelopes of the reinforcement stresses versus the applied load,
at both bearing cross sections (east and west), are shown in Figure 6.35. The figure shows that
yielding was initiated in diagonal bar D1 (Fig. 6.35a) located at the seat, which yielded at an
applied load of 248 kip (1103 kN). This initial yielding was consistent with the crack initiation
near the seat corner with the diaphragm.

Figure 6.35b shows that the second bar that reached yielding after diagonal bar D1 was
the horizontal (vertical in the test orientation) bar at H1, which yielded at an applied load of 328
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kip (1459 kN). As in specimen S4 but unlike specimens S1 and S2, this bar yielded before the
vertical (horizontal in the test orientation) bar V1 because of the lower bending capacity of the
seat in specimens S4 and S5 compared to specimens S1 and S2.

The stresses of the vertical (horizontal in the test orientation) bars are shown in Figure
6.35c. The figure shows that the vertical bars at the locations V1 reached yielding stress at an
applied load of 346 kip (1539 kN). At this larger load, the diagonal and vertical bars were
yielding, which corresponded to the development of the SAT mechanism. The strain gage V5 at
the vertical (horizontal in the test orientation) bar was installed to determine punching shear
behavior. Figure 6.35¢ shows negligible stresses in these vertical bars, V5, because it was found
that these bars at the bearing cross sections were not located in the punching shear failure
surface.

The stresses in the horizontal (vertical in the test orientation) bars of the diaphragm are
shown in Figure 6.35d. The figure shows that yielding occurred in both horizontal bars, B3 and
BS5, contrary to observations of specimen S2, where only the B5 bar yielded due to the excess of
reinforcement in the diaphragm of specimen S2 compared to specimen S5.

The stress of the longitudinal bar located at the bottom part of the seat (in the prototype
orientation) was measured with 8 strain gages (LP1-LP8) located in the vicinity of the bearings.
The stress distribution in this bar is shown in Figure 6.36 for 25%, 50%, 75%, and 100% of the
maximum applied load. The stress distribution shows bending action of the seat about the
direction perpendicular to the diaphragm. This bending behavior agrees with the observed seat
deformation profile and with the vertical (in the test orientation) bending cracks shown in

Figures 6.31b—c.
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Fig. 6.35 Stresses in reinforcement at bearing cross sections versus applied load of

specimen SS.
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Fig. 6.36 Stress distribution of longitudinal bar at 25%, 50%, 75%, and 100% of peak load
of specimen SS.

The distribution of strain and stresses in the reinforcing bars throughout the specimen
length are shown in Figures 6.37-6.39 for 25%, 50%, 75%, and 100% of the maximum applied
load. The locations of the bars with their strain gages are shown in Figure 6.25. From the test
results, the larger strains were observed in diagonal bars D1 of the seat. The strain and stress
distribution of this bar is shown in Figures 6.37a and b, respectively. It can be observed that a
peak strain of 12400 ue (~1.2%) was measured in the vicinity of the west bearing at the
maximum applied load. This strain corresponded to 45% of the maximum strain measured in
specimen S2. The stress distribution shows that the stresses of these diagonal bars were
concentrated in the vicinity of the bearings for 25% and 50% of the maximum load. At these low
load levels, an effective seat length parallel to the diaphragm axis can be considered to resist the
applied load, whereas when the maximum strength of the in-span hinge was achieved, yielding

was spread throughout the whole seat length, and an effective seat length was not observed.
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Fig. 6.37 Stresses and strains of diagonal reinforcing bars throughout in-span hinge length
at 25%, 50%, 75%, and 100% of peak load of specimen S5.

The strain and stresses of the horizontal (vertical in the test orientation) bars H1 and
vertical (horizontal in the test orientation) bars V1 are shown in Figures 6.38a—d. The stresses of
these horizontal and vertical bars are concentrated in the vicinity of the bearings. Contrary to
specimen S2 and similar to specimen S4, the horizontal (vertical in the test orientation) bars H1
showed more stresses than the vertical (in the test orientation) bars V1 because of the lower
bending capacity provided to specimen S5. The strain and stresses of the vertical (horizontal in
the test orientation) bars V5 of the seat are shown in Figures 6.38¢ and f, respectively. The low
peak stresses of about 20 ksi (138 MPa) of these bars disagreed with the punching shear failure
mechanism observed in the west bearing because anchorage failure was detected for these bars,
as shown in Figure 6.31h. Finally, the distributions of strain and stresses of the horizontal
(vertical in the test orientation) bars of the diaphragm are shown in Figures 6.39a and b,
respectively. These distributions suggest that the load was resisted throughout the whole seat

length.
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Fig. 6.38 Stresses and strains of vertical and horizontal reinforcing bars throughout in-
span hinge length at 25%, 50%, 75%, and 100% of peak load of specimen SS5.
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Fig. 6.39 Stresses and strains of diaphragm reinforcing bars throughout in-span
hinge length at 25%, 50%, 75%, and 100% of peak load of specimen SS5.

6.9 CONCLUDING REMARKS ON NEW DESIGNS

The test results of specimens S3, S4, and S5 of phase II are summarized and compared with the
results of phase I in Table 6.5. The comparison between the load-displacement relationships at
the bearings for all the specimens is shown in Figure 6.40. The specimens of phase I
corresponded to the as-built in-span hinges and the specimens of phase II corresponded to new
designs.

From the test results of specimens S1 and S2, it can be concluded that the presence of
utility openings of the as-built in-span hinges reduced the strength by 9% but did not affect the
displacement at the maximum load, whereas from the test results of specimens S4 and S5, it can
be concluded that the presence of utility openings did not affect the strength, but the
displacement at the maximum load was increased by 20% for the case with utility openings.
Therefore, the strength of the new designs of the in-span hinges is less sensitive to the presence
of utility openings than that of the as-built in-span hinges. Additionally, Figure 6.40 shows that
the effects of the utility openings on the shape of the load-displacement relationship and on the
initial stiffness were negligible. This fact can be observed when comparing specimens S1 and S2,
and specimens S4 and S5.

The design of specimen S3 was equivalent to specimen S2 but it was designed with larger
bearing plates. This new design was aimed to increase the punching shear strength and also to

produce a global 2D mode of failure that involved the whole in-span hinge. From Table 6.5, it
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can be concluded that the larger bearing plates reduced the 3D effect of the discrete bearings,
increasing the strength of the in-span hinge by 25.6%. Additionally, Figure 6.40 shows that the
larger bearing plates of specimen S3 increased the ductility, by improving the strength

degradation along the descending branch of the load-displacement relationship.

Table 6.5 Comparison of test results of all test specimens.

Phase I Phase II
S1 S2 S3 S4 S5
Specimen side that failed west Both both west west
) . 467 425 535 380 384
Specimen strength [kip (kN)] 2077) | (1890) | (2380) | (1690) | (1708)
. . 233 213 269 191 193
Average strength per bearing [kip (kN)] (1036) | (947) | (1197) | (850) (858)
Average bearing displacement at maximum 0.32 0.31 0.41 0.20 0.24
load [in (mm)] &1 | (7.9 | (104) | (5.1) (6.1)
Initiation of yielding [% of maximum load] 48.0 44.2 48.6 63.7 64.6
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Fig. 6.40 Comparison of load-displacement at bearings of all test specimens.

The design of specimens S4 and S5 was a new design with a low reinforcement ratio
aimed to improve the structural performance and constructability of in-span hinges. The new

design contained 45% less steel reinforcement than the as-built specimens (specimens S1 and
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S2) but the strength was reduced only by 19% and 10% for the cases without (S4 versus S1) and
with (S5 versus S2) utility openings, respectively. However, the strength of the new design was
about 2.8 times larger than the factored design load suggested by Caltrans. This improvement in
the structural performance of the in-span hinge was achieved with an optimized design that
eliminated the ineffective bars and considered a uniform and consistent strength of all the
possible failure mechanisms. As a result, yielding of the first bar occurred at a larger load,
specifically at 63.7% and 64.6% of the maximum load for specimens S4 and S5, respectively.
Nevertheless, it is concluded that this new design (specimens S4 and S5) reduced the
displacement at the maximum load by 30% when comparing with specimens S1 and S2. Finally,
Figure 6.40 shows that the effects of the lower reinforcement ratio of the new design (specimens
S4 and S5) on the initial stiffness and on the shape of the descending branch in the load-
displacement relationship were negligible

The demand versus capacity (D/C) ratios of all the specimens is shown in Figure 6.41.
The demand of the specimens was loosely defined as the maximum strength obtained from each
test, and the capacity corresponded to the strength computed using design equations, refer to
Chapter 2. From the test results of the five specimens, it can be concluded that the failure mode
of in-span hinges was a combination of three modes: 1D shear, SAT, and punching shear. For
specimens S1, S2, and S3, Figure 6.41 shows that these three failure modes were the critical
ones. On the other hand, for specimens S4 and S5, Figure 6.41 shows that the bending moment at
the seat and diaphragm were also critical because these specimens were designed with a uniform
strength for all the failure modes. However, a bending failure mode was not fully observed from
the tests of specimens S4 and S5.

It is concluded than the 2D SAT model was a lower bound of the capacity because the
D/C ratio was larger than 1.0 in Figure 6.41 for all the specimens. The SAT capacity was lower
than the demand because it neglected the contribution of the concrete in tension, which is
speculated to contribute significantly to the strength of in-span hinges. The proposed SAT
mechanisms were observed in all the test specimens because yielding of the bars corresponding

to the ties was identified with the use of strain gages.
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Fig. 6.41 Demand versus capacity ratio of all test specimens.

It can be concluded that the 1D shear and the punching shear modes were the ones that
gave the best strength prediction of the in-span hinges. This fact agrees with the dominance of
these modes in the previously mentioned combined mode of failure observed in the tests. For
both of these failure modes, the first three specimens had D/C ratio larger than 1.0, and the last
two specimens had a D/C ratio lower than 1.0. This difference can be attributed to the higher
reinforcement ratio of the first three specimens that provided additional confinement to the
concrete. For specimen S3, the D/C ratio of the 1D shear mode was significantly larger than that
of the punching shear, which agrees with the global 1D shear failure mode mostly observed and
induced by the larger bearing plates. In summary, and very important, is that 1D shear and
punching shear failure modes have to be included in the design of new in-span hinges and in the
evaluation of existing ones.

Finally, it is concluded that the D/C ratio of the sliding shear failure mode in both the
diaphragm and the seat for all the tested specimens is smaller than 0.72. Therefore, this failure
mode is unlikely to govern the behavior of existing and newly designed in-span hinges tested in

this study.
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7 Conclusions and Future Extensions

This report presented the results of an experimental program conducted on in-span hinges of
prestressed concrete (PC) box-girder bridges in California. The experimental program consisted
of five 1/3-scale specimens constructed and tested in two phases (I and II) at the University of
California, Berkeley. The in-span hinges were loaded at the bearing locations to study the
behavior and strength of these hinges when subjected to extreme vertical loads.

The representative characteristics of in-span hinges of PC box-girder bridges were
determined from a survey of eight projects located in California. The in-span hinges are
characterized by having congestion of steel reinforcement, where headed bars are usually
specified. The use of headed bars in the in-span hinges is clearly appropriate to reduce
reinforcement congestion for improving constructability and to provide adequate reinforcement

development in the relatively small in-span hinge region.

7.1 FINITE ELEMENT PRE-TEST ANALYSIS

In-span hinges are subjected to complex three-dimensional (3D) loading conditions due to the
discrete bearing locations, small aspect ratio of the seat, and the geometric discontinuities when
utility openings exist. Therefore, a 3D nonlinear finite element analysis (FEA) was conducted to
the first two specimens comprising phase I. The FEA was developed using trilinear brick
elements for the concrete and embedded reinforcement. The nonlinear behavior of the concrete
was modeled using the total strain concept with a rotating-crack model and considering linear
tension softening. The FEA was intended to provide detailed results of the stress state, damage
(cracking and crushing of concrete and yielding of reinforcement) initiation and propagation, and
deformations experienced in the in-span hinges. This task was conducted prior to finalizing the
test plans to confirm the capacity of the test setup and to properly select the location of

instrumentation.



The predicted capacity from the pre-test FEA was about 10% lower than the experimental
results, which is attributed to lower material strength properties used in the simulation. These FE
models will be improved to match the experimental results of the five specimens in a future
phase of this research project for the purpose of further computational parametric studies of the

in-span hinge regions.

7.2  AS-BUILT IN-SPAN HINGES

Two specimens were built and tested in phase I of the experimental program. These specimens
represented the as-built conditions of typical in-span hinges of California PC box-girder bridges.
The difference between these two specimens was the presence of utility openings in specimen
S2, while specimen S1 did not have any openings. These utility openings are used in box-girder
bridges mainly to inspect the bearings located at the in-span hinges. These openings were
introduced in specimen S2 to study their effect on the behavior and strength of in-span hinges.

From the experimental results of the as-built in-span hinges, it was concluded that they
fail with a combination of three failure modes: (1) one-dimensional (1D) shear, (2) two-
dimensional (2D) strut-and-tie (SAT), and (3) punching shear. Therefore, the design of in-span
hinges must consider these failure modes and their combination, in addition to the bending and
sliding shear modes typically considered in the design approach of short cantilevers followed in
the design of in-span hinges. It was also concluded that the measured capacity of the in-span
hinges was more than three times (exactly 3.2 times) larger than the factored design load
suggested by Caltrans.

The current design of in-span hinges can be optimized based on the observed failure
modes. The sliding shear capacities provided at the seat were 73% and 76% larger than the
experimental capacities of specimens S1 and S2, respectively. At the diaphragm, the sliding
shear capacities were 151% and 165% larger than the experimental capacities of specimens S1
and S2, respectively. It was concluded that the diaphragm and seat were over-reinforced for
preventing sliding shear friction. Additionally, the bending capacities provided at the seat were
49% and 51% larger than the experimental capacities of specimens S1 and S2, respectively. At
the diaphragm, the bending capacities were 54% and 68% larger than the experimental capacities
of specimens S1 and S2, respectively. Therefore, it was concluded that the seat and diaphragm

were over-reinforced for preventing bending failure.
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Finally, from the test results of specimens S1 and S2, it can be concluded that the
presence of utility openings of the as-built in-span hinges reduced the strength by 9%. However,

these openings did not affect the displacement corresponding to the maximum load.

7.3  NEW DESIGN OF IN-SPAN HINGES

Three additional specimens were built and tested in phase II of the experimental program. The
design of these specimens was based on the experimental results of the as-built in-span hinges in
phase I. Specimen 3 was designed identical to specimen S2 but with larger bearing plates to
increase the punching shear capacity. Specimen S4 (without openings analogous to specimen S1)
and S5 (with openings analogous to specimen S2) were designed with low reinforcement ratios
aiming to improve the performance and the constructability of the in-span hinges. The strength
of these new designs was controlled by different combinations of the same three failure modes
mentioned above, namely 1D shear, 2D SAT, and punching shear.

Specimen S3 was designed with larger bearing plates (233% wider plates for specimen
S3 than specimen S2) to increase the punching shear strength, aiming at producing a global mode
of failure that involves the whole in-span hinge. This new design represented the upper bound of
an in-span hinge capacity because it reduced the 3D effect of the discrete bearings and produced
a more global mode of failure. It was concluded that the larger bearing plates increased the
strength by 26% and also increased the ductility by improving the rate of degradation of the
strength along the descending branch of the load-displacement relationship.

Specimens S4 and S5 were designed with low reinforcement ratios aiming to improve the
performance and constructability of the in-span hinges. The new design contained 45% less
reinforcing steel than the as-built design, but the strength was reduced only by 19% and 10% for
the cases without (specimen S4 compared to specimen S1) and with (specimen S5 compared to
specimen S2) utility openings, respectively. It should be noted that the strength of the new design
was almost than 3 times (exactly 2.8 times) larger than the factored design load suggested by
Caltrans. This improvement in the performance of the in-span hinge was achieved with an
optimized design that eliminated the ineffective reinforcing bars and considered a uniform and
consistent strength of all the possible failure mechanisms. In fact, the bending strength, with its
more ductile mode of failure than the three modes of failure mentioned above, also became

critical.
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From the test results of specimens S4 and S5 it can be concluded that the presence of
utility openings did not affect the strength. Therefore, the strength of the proposed new design
was less sensitive to the presence of utility openings than the as-built design of the in-span
hinges.

From the test results of the five specimens, it was concluded that the 2D SAT model was
a lower bound of the capacity because the demand to capacity ratio (D/C) was larger than 1.0 for
all the test specimens. It is speculated that the SAT capacity was lower than the demand because
in the used standard SAT model, the contribution of the concrete in tension (i.e., in the ties) was
neglected, which contributed significantly to the strength of the in-span hinges, as evident from
the preliminary FEA results.

It was concluded that the 1D shear and the punching shear design equations, based on the
ACI318 recommendations, were the ones that gave the best strength prediction for in-span
hinges with normal sized bearing plates. This fact agreed with the combined mode of failure
observed in the in-span hinge tests of specimens S1, S2, S4, and S5, in contrast to the global 1D
shear failure mostly observed and caused by the use of larger bearing plates in specimen S3. This
conclusion is very important: 1D shear and punching shear failure modes must be included in the
design of new in-span hinges and in the evaluation of existing ones.

Finally, it can be concluded that the D/C ratios of sliding shear failure mode in both the
diaphragm and seat for all the test specimens were smaller than 0.72. Therefore, this failure

mode is unlikely to occur in the studied in-span hinges.

7.4 FUTURE EXTENSIONS

The pre-test FEA conducted for the two specimens of phase I did not predict the experimental
response accurately. Therefore, the first future task of this study is to calibrate the FEA model
with the experimental results for the five specimens in phases I and II to improve its
predictability. For this calibration, the real material properties will be used and different material
constitutive models for reinforcement and concrete will be explored. Additionally, different
solution strategies will be incorporated for improved convergence in the nonlinear solution.
Special attention will be placed in enhancing the capability of the nonlinear FEA to predict the

local punching shear failure mode.
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After calibrating the nonlinear finite element model with the experimental results, a
parametric study will be conducted using the FEA. This parametric study is aimed to develop
new guidelines and specifications for the design of in-span hinges comprising the second future
task of this study. The parameters that will be investigated are planned to include but may not be
limited to (1) the reinforcement ratio of the diagonal bars of the seat, (2) the reinforcement ratio
of the vertical bars of the diaphragm, (3) the reinforcement ratio of the longitudinal bars of the
seat, (4) the concentration of reinforcement in the vicinity of the bearings, (5) the size of the
bearing plates, and (6) the size of the utility openings.

Finally, new guidelines and design specifications will be proposed for in-span hinges of
PC box-girder bridges as the third future task of this study. The design specifications will be
based on the experimental results and the computational parametric study. The final
specifications will combine the contribution of 1D shear, 2D SAT, and punching shear modes of
failure to determine a realistic strength of the in-span hinges. In that regard, improved SAT
models taking into account the other two modes of failure and the contribution of concrete in

tension among other improvements will be developed.
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Appendix A: Specimen Structural Drawings
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Appendix B:

Extensive material testing was conducted for concrete and reinforcing steel as part of the

Material Testing

research program. The details of the material testing are described in this appendix.

B.1 CONCRETE

Normal-weight concrete was used with a characteristic strength of 5 ksi (34.5 MPa) and 3/8" (10

mm) maximum aggregate size. The water/cement ratio of the mix was 0.45 and the detailed mix

design is shown in Table B.1.

Table B.1 Concrete mix design.

Saturated surface
. . Volume
Material dry weight [t (L)]
[ Ibf (kgD)]
Cement ASTM C-150, Type II/'V 564 (338) 2.87 (106)
Fly ash ASTM C-618, Class F 141 (84) 0.98 (36)
Sand ASTM C-33 1681 (1007) 10.22 (379)
Aggregate ASTM C33 3/8" #8 1245 (745) 7.44 (276)
Water ASTM C1602-04, C1603-04 317 (190) 5.08 (188)
Air 1.5% - 0.41 (15)
Water reducing admixture ASTM C-494 i 7 fl. oz
type A&F (0.021)
Retarder admixture ASTM C-494 Type A 3 fl.oz
etarde xture - ype A. - (0.089)
Total 3948 (2346) 27.0 (1000)

Concrete used in the in-span hinge specimens was subjected to six different tests, three

related to compressive behavior and three related to tensile behavior. For determining the
compressive characteristics, concrete was tested using compressive strength, compressive stress-

strain using load control, and compressive stress-strain using displacement control. For




determining the tensile characteristics, concrete was tested using splitting tensile strength,

modulus of rupture, and fracture energy.

B.1.1 Compressive Tests

The compressive strength test was conducted to monitor the strength gain of concrete with time.
For this test, standard 6"x12" (152 mmx305 mm) cylinders were used. The cylinders were cured
next to the in-span hinge specimens and were stripped at the same age as the in-span hinge
specimens. The cylinders were capped with a sulfur compound and were tested in a Universal
Testing Machine at a rate of 35 psi/min (0.241 MPa/min) in accordance with ASTM C39-05
(ASTM 2005). The test setup and a tested cylinder are shown in Figure B.1. The test results for
the concrete of the two experimental phases are shown in Table B.2. The strength gain of the

concrete versus time is shown in Figure B.2.

(a) Test setup (b) Tested concrete cylinder

Fig. B.1 Compressive strength test.



Table B.2 Compressive strength test results.

Phase I: Specimens S1 and S2 Phase II: Specimens S3, S4 and S5

Compressive |  Standard Compressive | Standard

Days strength f7 deviation Days strength f7 deviation
[ksi (MPa)] | [ksi (MPa)] [ksi (MPa)] | [ksi (MPa)]
7 5.00 (34.5) | 0.04 (0.24) 7 4.76 (32.8) | 0.02(0.16)
14 5.68(39.1) | 0.17 (1.17) 14 6.36 (43.8) | 0.06 (0.40)
28 6.10 (42.1) | 0.07 (0.45) 28 6.76 (46.6) | 0.07 (0.50)
78 6.44 (44.4) | 0.06 (0.40) 29 6.89 (47.5) | 0.11(0.77)
110 6.15(42.4) | 0.05(0.34) 37 6.82 (47.0) | 0.14 (0.99)
50 6.91 (47.6) | 0.15(1.04)

8
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Fig. B.2 Compressive strength versus age for in-span hinge specimens.

A compressive stress-strain test using force control was performed to determine the
constitutive behavior of concrete in the compression hardening zone, before the peak load. The
test was conducted using standard 6"x12" (152 mmx=305 mm) cylinders with a Universal Testing
Machine. The test setup is shown in Figure B.3. A total of four cylinders were tested for each in-
span hinge specimen at the same age of the in-span hinge test. The load was applied at a constant
rate of 35 psi/min (0.241MPa/min), and the deformation was measured using two displacement
transducers (LVDT) connected on the opposite sides of the cylinder as shown in Figure B.3. The
summary of the test results are shown in Table B.3. From the stress-strain test, the modulus of

elasticity E_ of concrete was computed using the secant stiffness at 0.47 . An example of the



compressive stress-strain test results using force control is shown in Figure B.4. The example

corresponds to the four cylinders tested for specimen S1.

(a) Test setup (b) Instrumentation detail

Fig. B.3 Compressive stress-strain test using force control.

Table B.3 Stress-strain compressive test results using force control.

In-span Compressgve Strain at peak Modulus of elasticity
hinge g , strgngt stress ¢ E.
Specimen | [02ys] |/ [ksi (MPa)] ’ [ksi (GPa)]
Mean St. dev. Mean | St. dev. Mean St. dev.
6.44 0.06 3240 26.9
S1 78 (44.4) (0.40) 0.0029 | 0.00007 (22.4) (0.19)
6.15 0.05 3100 26.3
S2 110 (42.4) (0.32) 0.0029 | 0.00005 (21.4) (0.18)
6.89 0.11 2940 433
S3 29 (47.5) (0.77) 0.0035 | 0.00008 (203) (0.30)
6.82 0.14 2860 11.0
S4 37 (47.0) (0.99) 0.0037 | 0.00012 (19.7) (0.08)
6.91 0.15 2940 28.8
S5 50 (47.6) (1.04) 0.0034 | 0.00016 (203) (0.20)
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Fig. B.4 Stress-strain test using force control for cylinders of in-span hinge specimen S1.

A compressive stress-strain test using displacement control was conducted to determine
the constitutive behavior of concrete after the peak load. The test was performed using standard
6"x12" (152 mmx*305 mm) cylinders with an MTS testing machine as shown in Figure B.5a. The
deformation of the concrete was measured with two LVDTs as shown in Figure B.5b. The test
was conducted using an average velocity of 0.002 in/min (0.051 mm/min) measured at the
LVDTs. A total of four cylinders were tested for the concrete of the in-span hinge specimens of
phase I at an age of 111 days. The summary of the test results are shown in Table B.4. The
compressive fracture energy G, is obtained using the area under the stress-strain relationship
and the gage length of the test. The normalized stress-strain relationships obtained are shown in

Figure B.6. These relationships are normalized using the peak strength and the corresponding

strain for each test.

(a) Test setup (b) Instrumentation detail

Fig. B.5 Compressive stress-strain test under displacement control.
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Fig. B.6 Normalized relationships for stress-strain tests using displacement control for
cylinders of in-span hinge specimen S1.

Table B.4 Stress-strain compressive test results using displacement control for cylinders of
in-span hinge specimen S1.

Mean St. dev.
Compressive strength [ksi (MPa)] 5.86 (40.4) | 0.07 (0.49)
Strain at peak stress ¢, 0.0029 0.00013
Modulus of elasticity £, [ksi (GPa)] 3030 (20.9) | 34.0(0.23)
Compression fracture energy G, [Ibf/in. (N/mm)] 131 (22.8) 31.9(5.6)

B.1.2 Tensile Tests

The splitting tensile strength represents a lower bound of the tensile strength of concrete. The test
was conducted using standard 6"x12" (152 mmx305 mm) concrete cylinders according to ASTM
C496-04 (ASTM 2004a). A total of four cylinders were tested for each in-span hinge specimen at
the same age of the in-span hinge test. To execute the test, the concrete cylinder was placed on
its side and loaded in compression as shown in Figure B.7a. The load was applied at a rate of 150
psi/min (1.03 MPa/min) and the maximum load P was recorded. The splitting tensile strength

f., 1s computed from,

fu=2t (B.1)

zld
where / and d are the length and diameter of the standard cylinder, respectively. The test

results are summarized in Table B.5.
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(a) Splitting strength test setup (b) Modulus of rupture test setup

Fig. B.7 Determining concrete tensile strength.

The modulus of the rupture test, or flexural test, gives a higher estimate of the tensile
capacity than the splitting strength test. The test was performed using 3"x3"x12" (76.2 mmx76.2
mmx305 mm) concrete beams according to ASTM C293-07 (ASTM 2007). A total of 3 beams
were tested for each in-span hinge specimen at the same age of the in-span hinge test. The test
was conducted with a simply supported beam with span=2=9" (228.6 mm) and four-point
bending, as shown in Figure B.7b. The load was applied using a loading rate of 300 psi/min
(2.07 MPa/min). From the test, the maximum load P was recorded and the modulus of rupture s

is computed from,

PL
fr _bh2

where » and » are the width and height of the beam cross section, respectively. The test results

(B.2)

are summarized in Table B.5.



Table B.5 Splitting and modulus of rupture test results.

InTSpan Age Splittin‘g tensile £, Modulus. of rupture £,
hlqge [days] [ksi (MPa)] [ksi (MPa)]
specimen Mean St. dev. Mean St. dev.
S1 78 0.52(3.59) | 0.014 (0.10) | 0.89 (6.14) | 0.025 (0.17)
S2 110 | 0.48(3.31) | 0.031 (0.21) | 0.86 (5.93) | 0.015 (0.10)
S3 29 10.62(4.27) | 0.037 (0.26) | 1.00 (6.90) | 0.060 (0.42)
S4 37 10.54(3.72) | 0.029 (0.20) - -
S5 50 ]0.56(3.86) | 0.035(0.24) | 0.86 (5.93) | 0.054(0.37)

The fracture energy tests were conducted to evaluate the amount of energy released
during tensile cracking of concrete. The fracture energy is defined as the amount of energy
necessary to create one unit area of crack, and has units of energy per unit area. This energy is to
be used in the post-test finite element analysis (FEA) to simulate the post-cracking behavior of
concrete. The test was conducted according to the European recommendation (Rilem 1985). For
the test, 4"x4"x36" (102 mmx*102 mmx914 mm) concrete beams were cast containing a middle
notch. The notch was introduced in the beam using a wood insert, such that the area of ligament

above the notch 4, was half of the total cross-section height. The beams were simply supported

at a span of 32" (813 mm) and were loaded at the mid-point with a rate of 0.003 in/min (0.076
mm/min), as shown in Figure B.8a. The deformation of the beam was measured at the mid-point
with a displacement transducer, as shown in Figure B.8b. The load-deformation information was
recorded until failure. The fracture energy is computed using,

Wt 2m,)es,

f
A (B.3)

where W, is the area under the load-deformation relationship, m, is the mass of the beam

between the supports, m, is the mass of the loading support not attached to the machine, g is the
acceleration of gravity, and ¢, is the deformation at failure. For the in-span hinge specimens S1
and S2, a total of four beams were tested at a concrete age of 83 days, which is in between the
age of the test of the first two in-span hinges. The test results are summarized in Table B.6 and

the load-deformation relationships are shown in Figure B.9. The results show a large scatter,

which is highly dependent on the crack initiation at the notch.



(a) Test setup

(b) Detail of failed specimen

Fig. B.8 Fracture energy test.

Table B.6 Fracture energy test results.

Mean St. dev.
Peak force [Ibf (N)] 92.6 (412) 58.2 (259)
Deformation at failure § [in (mm)] 0.053 (1.35) | 0.009 (0.24)
Fracture energy G, [Ibf/in. (N/m)] 0.60 (105) 0.23 (40)
Displacement [mm]
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Fig. B.9 Load-deformation relationship obtained in fracture energy tests.



B.2 REINFORCING STEEL

The reinforcing steel used in the experimental program was Grade 60, meeting the requirements
of ASTM A706-04 (ASTM 2004b). The in-span hinge specimens consider headed and non-
headed reinforcing steel which were provided at each phase from two different sources. The
headed bars were fabricated at HRC (Headed Reinforcement Company) and the non-headed bars
were provided by a local steel distributor. The reinforcing steel used in the two phases of the in-
span hinge specimens was tested in tension to obtain the stress-strain relationship to be used in
the post-test FEA.

The in-span hinge specimens considered three different types of reinforcing steel in the
in-span hinge region: #3 non-headed bars, #3 headed bars and #4 headed bars. For each type of
steel, three coupons were tested using a Universal Testing Machine, as shown in Figure B.10a.
The steel coupons were 24" (610 mm) long. To measure deformation, two displacement
transducers were attached as shown in Figure B.10b. This deformation was measured between
two points separated at 2" (50.8 mm). The bars were loaded according to ASTM E8-04 (ASTM
2004c) with an initial rate of 2000 1bf/min (8.9 kN/min). The test was stopped when a decrease
in the strength was observed to prevent damage in the instruments. From the tests, the stress and
strain were calculated by dividing the total force by the nominal cross-sectional area of the
reinforcing bar and the deformation by the gage length, i.e., 2" (50.8 mm), respectively. The test
results of the reinforcing steel of phase I and phase II are summarized in Tables B.7 and B.8,
respectively. Test results of reinforcing steel used in phase II, respectively. The stress-strain

relationships obtained from all the reinforcing bar tests are shown Figure B.11.

(a) Test setup (b) Instrumentation detail

Fig. B.10 Reinforcing steel tensile test.
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Table B.7 Test results of reinforcing steel used in phase I.

#3 #3 #4
Non-headed Headed Headed

St. St. St.

Mean dev. Mean dev. Mean dev.

Yield stress /, [ksi (MPa)] 69.9 0.46 69.5 1.3 68.7 0.21
(482) (3.2) 479) (8.6) 474) | (1.15)

Ultimate stress £, [ksi (MPa)] 103.0 0.61 93.7 1.01 97.8 1.81
" (710) 4.2) (646) (7.0) (674) | (12.5)

Modulus of elasticity £, [ksi 28020 1300 | 29170 977 28390 142
(GPa)] (193) (9.0) (201) (6.7) (196) (1.0)
Yield strain g, 0.0025 | 0.0001 | 0.0024 | 0.0001 | 0.0024 | 0.0000
Ultimate strain ¢, 0.137 | 0.020 | 0.114 | 0.007 | 0.123 | 0.003

Table B.8 Test results of reinforcing steel used in phase II.
#3 #3 #4
Non-headed Headed Headed
St. St. St.

Mean dev. Mean dev. Mean dev.

Yield stress 7. [ksi (MPa)] 74.9 2.10 73.4 3.77 66.8 2.06
J (516) | (14.5) | (506) | (26.0) | (460) | (14.2)

Ultimate stress 7. [ksi (MPa)] 102.7 0.94 95.1 1.27 94.7 0.36
! (708) (6.5) (656) (8.8) (653) (2.5)

Modulus of elasticity £, [ksi 26640 741 28140 1110 | 28070 | 5170

(GPa)] (184) (5.1) (194) (7.7) (194) (36)
Yield strain g, 0.0028 | 0.0001 | 0.0026 | 0.0001 | 0.0023 | 0.0004
Ultimate strain ¢, 0.109 | 0.007 | 0.081 0.010 | 0.121 0.010
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Fig. B.11 Stress-strain test results of reinforcing steel.
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Appendix C: Load Cell Fabrication and
Calibration

This appendix describes the characteristics of the two load cells fabricated specifically for this
project. These load cells were fabricated with a target capacity of 300 kip (1334 kN) each and
were made of AISI 4140 steel. Each load cell is 7 in. (178 mm) long and has external and

internal diameters of 4% in (121 mm) and 3% in (83 mm), respectively.

C.1 LOAD CELLS INSTRUMENTATION

To measure the strains on the load cells, four tee rosettes were attached at the quadrants of the
external surface. Each tee rosette had 120 Q resistance and a gage length of 0.062 in. (1.58 mm).
The rosettes were glued to the cylinder and were treated with three protective coating layers. The

eight strain gages of each load cell were connected using a full bridge circuit as shown in Figure

C.1.

90

180 0

270

T: transverse gage

A: Axial gage

Fig. C.1 Strain gage connection diagram of load cells.

The input voltage of the load cell was applied at the terminals B and D of the Wheatstone

bridge of Figure C.1. On the other hand, the output voltage was measured at the terminals A and



C of Figure C.1 and is given by Eq. C.1 (Harris and Sabnis 1999).

Vi :%(— 2¢e, —2ve,) (C.1)

where ¢, is the longitudinal strain, £ is the input voltage, F' is the gage factor, and v is the

steel Poisson’s ratio. Therefore, the output of the Wheatstone bridge was amplified by a factor of

2(1+v). The load cells with the glued rosettes are shown in Figure C.2.

Fig. C.2 Load cells with 300 kip (1335kN) capacity each.

C.2 LOAD CELLS CALIBRATION

The load cells were calibrated using a Universal Testing Machine with a capacity of 400 kip
(1779 kN), as shown in Figure C.3. Before the calibration, the load cells were exercised by
loading them three times up to 350 kip (1557 kN). The calibration of each load cell was
performed using load increments of 30 kip (133.4 kN) and by recording the corresponding
micro-strain measurements at the loading and unloading stages. The calibration results of the two
load cells are shown in Figure C.4. The calibration revealed excellent linearity of these load

cells.
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Fig. C.3 Load cell calibration setup.
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