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FOREWORD

Construction-induced traffic congestion is a growing problem in the United States. The general
state of repair of the highway infrastructure and the need to reconstruct structures without
severing transportation links has resulted in the demand for advances in the construction field.
Staged construction, wherein portions of a bridge are progressively reconstructed while the
remainder of the bridge continues to carry traffic, is being engaged more frequently as a means
to maintain traffic. The Federal Highway Administration is engaged in research to advance the
state-of-the-practice for field-cast connections between structural components in highway
bridges. Staged construction presents special challenges with regard to field-cast connections, as
the loadings a bridge might experience during connection completion could force a concentration
of differential deflections within the connection and thus reduce the service capacity, ultimate
capacity, and durability of the connection. The research presented herein focused on the effects
of differential deflections across a connection on the bond strength between reinforcing bars and
field-cast connections in bridge deck-level connections. This research represents a move toward
furthering the understanding of the performance requirements which must be met in order to
successfully complete staged construction activities.

This report corresponds to the TechBrief titled “Influence of Differential Deflection on Staged
Construction Deck-Level Connections” (FHWA-HRT-12-055). This report is being distributed
through the National Technical Information Service for informational purposes. The content in
this report is being distributed “as is”” and may contain editorial or grammatical errors.

Notice
This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U.S. Government assumes no liability for the use of
the information contained in this document.

The U.S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of the document.

Quality Assurance Statement
The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
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ensure continuous quality improvement.
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ODER A U X U A DR
APPROXIMATE CONVERSIONS TO S| UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?®
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °c
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m® cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°c Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1. INTRODUCTION

INTRODUCTION

Rapid construction methods help prevent traffic delays and minimize the inconveniences to
the traveling public. Many new methods have been investigated and implemented using
precast subassemblies on bridges. These methods have shown great promise because precast
components can be produced with great quality control in precast plants, resulting in superior
products that allow for expedited construction schedules. States continue to investigate and
advance their respective bridge programs through the use of precast products such as precast
bulb tees, full depth precast bridge decks, and box beams.

The most critical field construction process for precast subassemblies is completing the
connections. Long term performance problems have arisen in connections on past projects.
These performance problems have been attributed to a variety of causes, including
construction techniques, materials, and poor designs. Much research attention has been
placed on making better connections between the components.

One area of concern is the process of completing connections while portions of the bridge
remain under traffic loads. This is frequently referred to as staged construction. The traffic
loading causes deflections on portions of the bridge, potentially resulting in significant
differential deflections occurring across the connections which join construction stages.
These connections between stages may exhibit poor performance due to the differential
deflections causing the field-cast connection grout to exhibit poor bond with the discrete
connector elements within the connection.

This research effort aimed to begin to study the impact of differential deflections across
staged construction connections on the short and long-term performance of said connections.
The size, frequency, and the duration of the deflections are all factors of concern. Many
different types of grout materials have been proposed for use in these field-cast connections,
and differential deflections may affect each one differently. The goal is to understand how
the bond between rebar and the grout material changes due to movements which occur during
the curing process.

OBJECTIVE

The objective of this research project was to determine the impact of differential movement
across a staged construction connection. Specifically, the research investigated the bond
strength of reinforcing bars embedded within freshly cast connection grouts as impacted by
differential movement of the rebar with respect to the grout.

SUMMARY OF APPROACH

This research focused on the bond strength between reinforcing bars and grout materials that
were subjected to differential movement during curing. Six inch cube pull-out specimens
with number four bars were cast based on the ASTM C234-91a standard®". Differential
deflections were imparted that ranged from 0.1 in. (0.254 cm) to 0.005 in. (0.0127 cm) of
linear bar movement perpendicular to the bar axis. The deflections were applied to the cubic



molds while the rebar was fixed in place. The deflections were imparted periodically at
30 second intervals and continued from casting until final set of the grout.

A range of different grout materials which might be deployed in these field-cast connections
were engaged in this research program. These included standard conventional grouts, deck
concretes, ultra-high performance concretes (UHPC), epoxy grout, magnesium phosphate
grout, and cable grout. The materials were cast while the forms were deflecting at set
intervals. After final set, the cubes were allowed to cure until approximately 24 hours after
casting at which point they were tested. A series of control cubes were also cast and tested.
These remained stationary during curing.

Pullout tests were performed on the cube specimens. The load resisted and the deflection
observed for the reinforcing bar relative to the grout material was recorded for each
specimen. Comparisons were then made between the ultimate load held by the control and
the deflected specimens for each series of tests. A statistical analysis was performed to
determine if particular conditions affected the bond with the given materials and deflection
criteria. The results helped indicate whether relative movement between grout materials and
rebar impacts the bond strength. This research provides an initial assessment of whether
differential deflections across field-cast connections may be of concern.

OUTLINE OF REPORT

The report is divided into five chapters. Chapter 1 provides an introduction to the study. The
second chapter gives background information on why the study was performed. Chapter 3
presents the physical properties of the specimens and materials used in the study along with
information on the test setup. The fourth chapter provides the results and analysis. The last
chapter, Chapter 5, provides conclusions based on these tests and suggestions for future
work.



CHAPTER 2. BACKGROUND

INTRODUCTION

Differential deflections between different stages of construction have had limited study. The
body of research on this topic has not demonstrated whether the bond created between
reinforcing bars and grout are negatively affected by different forms and frequencies of
traffic load-induced differential deflections. A number of test methods exist that have been
used in past studies on measuring bond strength between reinforcing bars and embedment
materials. What is needed is a method to test the bond strength after the bond has undergone
typical dynamic conditions experienced on a bridge during construction. The tests could
provide evidence facilitating a better understanding of the bond performance when different
materials are applied with varying types of traffic loads.

DIFFERENTIAL DEFLECTIONS IN BRIDGE DECKS

Precast construction on bridge superstructures has gained popularity in recent years. Many
studies have been done on the implementation on precast decks, girders, box beams, and
other assemblages. In many cases these techniques are used for bridge reconstruction
projects in addition to new construction projects. When rebuilding a bridge that is in service,
staged construction techniques are commonly used. Staged construction keeps a route open
and allows traffic to continue traveling on the structure with reduced width and/or shifted
lanes. This is a high priority for many bridge owners.

One of the final steps in staged construction is to connect the different staged sections of a
bridge. Joints are left open and then cast-in-place concrete or grout is placed between the
different pieces. While this construction activity is being completed, traffic frequently
remains on sections of the bridge thus creating differential deflections between the staged
sections as shown in Figure 1. These differential deflections are heavily dependent on the
structural configuration of the bridge and on the traffic loads applied. The deflections may
affect the long-term performance of these field-cast connections.

Closure Pour Differential Deflection
/Concrete Deck —_— T ——————— — —/ Concrete Deck/

4

i @t T

Stage 1 - Dead + Live Load /

“Dead Load

/ Sfage 2
Reinforcing Bars
in the Closure Pour

Figure 1. lllustration. Differential deflection at a closure pour.



The Manual of Concrete Practice!” recommends differential deflections not exceed % inch
(6 mm). In cases when they do, the recommendation is to remove or reroute traffic on the
bridge to ensure the deflections fall below the limit. The lack of research on this topic raises
questions as to the appropriateness of these recommendations.

BOND STRENGTH BETWEEN REINFORCING BARS AND CONCRETE

A bond is formed between a reinforcing bar (rebar) and the material that is cast around the
bar. The bond between reinforcing bars consists of three main components: chemical
adhesion, surface friction, and bearing on the deformations on the bar. Typical bridge
construction uses deformed rebar which greatly increases the bond strength as compared to
smooth rebar. The chemical adhesion and friction are greatly reduced after a small tension
force is applied. The primary loading carrying mechanism for deformed rebar is bearing on
the deformations >

The concrete bearing blocks next to the reinforcing bar ribs must provide an equal and
opposite force to transfer the load. The concrete bearing block is formed when the concrete
is poured around the reinforcing bar and then cured. The mechanical properties of this
concrete and the amount of concrete around the reinforcing bar will directly relate to the
strength of the bond®. Any disruption to the concrete during casting and curing could affect
the formation of the concrete block and hence the strength of the bond. The same process
and concerns are still apparent when different types of materials are used in place of concrete
such as grouts, epoxy grouts, or high performance mix designs.

STUDIES ON BONDS AFFECTED BY DIFFERENTIAL DEFLECTIONS

There has been a limited amount of research on the performance of joints that were built with
differential deflections. Much of the literature is based on field inspections that indicate

there may or may not be problems with the bond formation depending on the size of the
differential deflections and the type of concrete used. Manning(4) did a large investigation
using literature, state surveys, and past experience. His conclusion was there is “insufficient
evidence” that differential deflections cause problems with bonds. It appeared that there may
not be a problem on bridge decks, however there was enough evidence from past projects to
show that cracking did occur in many cases. The state of Michigan did a study on
approximately 100 bridges, many under differential deflections during construction, by
inspecting them nine years after construction. The results showed that shoring during
construction did not help the performance and that concrete mixes with excess water (high
slumps) did not perform as well as stiffer mixes ®. Another researcher also noted that high
slump concretes and reinforcing bars with bends tend to be more affected by deflections®. A
study in the state of California focused on inspecting bridges that were widened while traffic
remained in place. The inspections revealed very few had negative impacts based on cracking
observed during standard bridge inspections”. A study in Maryland on effects of differential

deflections on bond strength was inconclusive™®.



A study(9) on the structural integrity of slabs cast between old and new concrete bridge decks
indicates this structural design may result in performance issues. A typical 92 ft (28 m) span
bridge with a maximum differential deflection of 0.5 in. (12.3 mm) was used for the analysis.
The results revealed that differential deflections may affect the strength development and
structural integrity of the concrete in the slab. The bond strength was not investigated. The
conclusion indicates a reduction in differential deflection is needed by adding supports or
removing traffic from the bridge decks during the casting procedure. A separate study in
Ohio on one bridge revealed that vibrations from traffic did not appear to cause early
cracking. However, testing was recommended on a wider range of variables including
frequency and angular rotation at the connection'”.

Silfwerbrand" " performed a study on the effects of traffic induced deflections on a freshly
placed overlay on a concrete surface. Deflections were hypothesized to reduce interface
bonding strength in this type of construction. The study involved a series of pull off tests of
the overlay on a deck surface. The conclusion was that the vibrations in their tests may have
been applied at the wrong time after placing the overlay (3-10 hours). Further tests were
recommended for overlays and bonds between concrete and reinforcing bars.

A similar study'® was performed by the Georgia Department of Transportation to determine

if widened bridges with closure pours had been detrimentally affected. Twenty-three bridges
were inspected: Eighteen had been widened with closure pours and five had no closure
pours. Of the bridges widened with closure pours, two had regular cracks at intervals less
than 2 feet (61 cm) but no severe cracking. Seven had minor cracks at intervals greater than
3 feet (92 cm) while nine had insignificant cracks. The five control bridges had no
significant cracks.

Following the in-service study done by the Georgia Department of Transportation, a field test
was performed'?. Two pullout specimens were formed across a closure pour during two
bridge expansion projects. The specimens were cast on site during construction. The blocks
were then removed from the bridge and tested as pullout specimens. There was no report on
the type, frequency, or amount of traffic that was allowed on the bridge during the concrete
placement. The deflections of the bridge were recorded after the specimens were poured.
Due to the limitations of the study the results are inconclusive; however, the testing method
did simulate a disturbed bond across a closure pour. A more controlled environment with
more testing variables would provide a basis for further assessment of the connection
performance.

A visual inspection was performed on 30 bridges in Texas after the bridges’ decks were
widened"?. There was no visual distress immediately after construction. Core samples were
taken and inspected around the rebar. Visually, the bond did not look distressed in the
majority of the cores but the imprints made by the reinforcing bars did indicate the
differential movement had an effect. One bridge was instrumented and the closure pour



reinforcing bars, plastic concrete, and formwork all vibrated together under traffic loads. The
exact traffic loads were not reported. The effect of the vibrations on the instrumented
bridge’s closure pour was assumed minimal.

A follow up test was performed on 10.6 ft (3.2 m) by 7 in. (18 cm) by 12 in.(31 cm)
beams". Standard bridge deck concrete for Texas was used in the specimens. Concrete
slumps varied between 3 in. (7.6 cm) and 6 in. (15.2 cm). The beams consisted of a simple
span and a cantilever that was loaded with a point load. The beams were loaded at 5 minute
intervals with a single 1 Hz cycle with deflections of 0.15 in. (0.4 cm) and 0.25 in. (0.6 cm).
The load was applied at the end of the beam and deflected the plastic concrete, formwork,
and embedded dowel bar. Transverse cracking did occur in the negative moment region over
the support and blurred imprints from the reinforcing bars were noted in the core samples
taken after testing. However, the curvature measured in the test was three times that
measured in the field study. The study concluded that these differential deflections have
minimal effect on the strength of the bond for straight bars in a closure pour that is at least 20
bar diameters long.

An in-depth study was performed at the University of Kansas concerning bridge deck
deflections on bond strength gain (% However, the bond strength was based on both the
reinforcing bars and concrete vibrating together. There was no differential deflection. The
study does recommend further study on differential deflections and the results suggest that
high slump concretes (greater than 4 in. (10.2 cm)) may result in lower bond strengths.

The most direct study on the effects of differential deflections on bond strength was done in
the early 1950’s . The study looked at the effects of vibration by comparing pullout
specimens. The vibrations were all induced with a hand-operated surface vibrator, typically
used for consolidating plastic concrete, operating at 100 Hz. The amplitude of the vibrations
in the study was not reported. Different sets of specimens were re-vibrated for one 2 minute
period after the concrete was cast. The interval for each set of specimens varied from 15
minutes to 6 hours after placing the concrete. Two sets of vibrations were induced on
different specimens: One to the concrete and rebar as a unit and one to the rebar while
holding the concrete in place. The vibration of the unit caused bond reductions up to 28% if
induced 30 minutes or more after placement. The vibration of the rebar alone showed no
significant bond reduction.

While the study is very informative it does not directly correlate to the conditions of
differential deflections occurring during bridge construction. In a bridge the vibration would
be for shorter intervals over a longer period of time. The consolidation vibrator caused very
intense high frequency vibrations which lasted for 2 minutes. Vehicles would tend to cause a
quick vibration that might last for approximately a second and be followed by hold times of
varying lengths with little movement. A study similar to that reported by Larnach with



differing vibration types and intervals, but a similar test setup, would be more relevant to the
conditions on a bridge deck.

Much of the past experience looking at differential deflections effects on concrete bonds is
based on in service bridge inspections, incomplete studies, or studies that do not correlate
well to bridge conditions. The evidence is inconclusive in most cases or does not compare
well to the conditions on bridge reconstruction projects. Based on the literature, there is a
need to study what happens to bond strengths when differential deflections exist on bridges
under staged construction. A variety of conditions need to be considered that simulate the
conditions on a bridge.

TESTING BOND STRENGTHS

Bond tests between reinforcing bars and concrete may be grouped into two broad categories:
eccentric and concentric tests. The concentric tests have been used for a much longer period
of time and have been conducted in a more standardized fashion, but also tend to relate
higher bond strengths. The eccentric methods simulate bending situations and give more
realistic bond strengths, but the methods are not as uniform or widely adopted.

Eccentric Tests

Various tests have been devised for assessing bond strength by using eccentric loads.
Eccentric tests are performed to try to simulate conditions in a beam subjected to flexural
forces. The clear cover around the bar is normally a couple inches allowing the bar to fail the
bond by splitting. The eccentric tests tend to be specific to an application and not uniform
among different testing programs. Two typical layouts are shown in Figure 2.

One set of tests shown in the figure consisted of an eccentric pullout layout designed to
eliminate compressive forces in the pullout block"'®. This method provided limited clear
cover to the specimens resulting in splitting failures. Results from this test were close to
results from bond strengths in beam tests with small amounts of clear cover. The focus of
this test was on beams in flexure with small amounts of clear cover that fail in splitting.

Similar types of eccentric pullout tests have been performed on larger scales. Hamad and
Sabbah performed a series of eccentric pullout tests on concrete specimens with different
sizes of rebar. Using the test setup shown in Figure 2, various thicknesses of clear cover
were used on the top side of the specimen. Splitting failures resulted from these tests;
however, the clear covers were varied to simulate a beam type failure. '” Lutz performed a
similar eccentric pullout test to assess the fundamental characteristics of reinforcing bars in
concrete. These were done because they included effects from shear and diagonal tension
seen in beams"®. Tholen and Darwin did a beam type pullout test. The test pulled on a
reinforcing bar embedded on the top edge a concrete block in a similar manner as the test
performed by Hamad and Sabbah. The block was held down to prevent rotation while the
bar was pulled'”.
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Figure 2. lllustration. Eccentric pullout tests.

Harsh and Darwin did similar types of tests on a full size bridge deck. The bars were cast in

the deck and then pulled out using a modified cantilever method. The method ensured that

the concrete and rebar were both in tension while the rebar was being pulled out of the deck
(20)

concrete .

Concentric Tests

One of the most widely used tests for bond strength is ASTM C234 - Standard Test Method
for Comparing Concretes on the Basis of the Bond Developed with Reinforcing Steel®?.
This test method was intended to compare the bond strength between a concrete material and
a #6 (#19M) reinforcing bar as shown in Figure 3. The method was created to test variations
in bond development from a standard reinforcing bar and different surface treatments or



material types. The method was not created to test variations in cover around the bar, bar
sizes, or bar types.
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Figure 3. lllustration. Typical concentric pullout tests.

The ASTM C234 was not renewed in 2000. The method does not test the true bond strength
commonly used with beams in flexure. The bond strength is measured in an uncracked 6 in.
(152 mm) cube. The embedment is through the entire depth of the cube or 8 times the
diameter of the bar (8db) for a #6 (#19M) bar. This method has been effectively used for
plain reinforcing bars but has been questioned when used with deformed reinforcing bars
When deformed bars are tested in a pullout setup, a compressive confinement force is
induced on the bar near the bearing plate creating a higher bond stress with deformed bars.
This compressive force will result in higher bond strengths. In addition, some concretes will
result in a splitting failure instead of the pullout failure mechanism thereby resulting in lower
bond strengths. The higher reported strengths and variation in failure mechanism raised
questions regarding the test method.

22)

The RILEM pullout test “*, although somewhat similar to the ASTM C234 test, has a
variable sized specimen depending on the rebar size. This test setup is also shown in Figure
3. The sample size changes in dimension with the size of rebar tested allowing tests on
multiple sizes of rebar. Another primary difference is the unbonded section. The RILEM test



specimen is bonded for a length of 5 bar diameters and then unbounded for an additional 5
bar diameters. The unbounded section is next to the bearing plate (pulled end of the rebar) in
order to reduce the effects from confinement forces. Another difference is the overall
specimen size. The ASTM test method specifies an 8 bar diameter specimen size with an 8
bar diameter bonded length for a #6 (#19M) rebar. The RILEM test method specifies a 10
bar diameter specimen size with a 5 bar diameter bonded length for the rebar.

A study by Cairns and Abdullah set out to determine if the pullout tests provided data that
could be correlated to more realistic splitting bond failures®”. They tested different
deformed bars with three different bond tests: the British Standard Pullout Test(zs), the
RILEM pullout test, and a spliced rebar test.

The results confirmed that concentric pullout tests give higher bond results than design
values. However, the RILEM pullout test was found to have benefits. For one, the short
embedment length provided a very uniform stress along its length. In addition, it effectively
reduces the high confinement forces that may affect the bond strength. Another benefit is
the specimens are cast on their side providing a realistic casting position. The tests provided
a “fundamental” measure of the bond strength that was good for comparison purposes?.

Correlations were made between the RILEM pullout results and the British Design Code’s
bond guidelines. The slip measurement was recorded at the free end of the rebar in the
block. The results at 0.0004 in. (0.01 mm) of slip at the free end corresponded to the
serviceability stress in the British Design Code. The results at this slip were about 20%
higher than the values from a true splice test. The authors felt this result was appropriate
considering the splice tests had a smaller amount of concrete cover. The authors did feel that
pullout test should not be abandoned but rather correlated to more realistic bond tests. The
pullout test remains a good comparative testing method for bond strengths and remains easy
to use and replicate®”.

A study on the bond strength of fiber reinforced polymer bars in concrete was done using a
direct pullout method®® . The bars were embedded in blocks and pulled out in a manner
similar to ASTM C234. Much like other recent pullout tests, the specimens had an unbonded
region in the specimen at the loaded end of the rebar. The RILEM pullout test was used as a
guideline for designing the specimens(23). This method of designing pullout specimens helps
prevent compressive stresses from interfering with the bond strength. It is still noted that the
resulting bond stresses are higher than what occurs in a bending configuration. The main
reason was because splitting is not a failure mode when testing with pullout failures unlike
when testing with flexure specimens.

The pullout test has been used to compare bond strengths while adjusting other bond
variables®”. Normal and lightweight self-consolidating concrete mixes were compared
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based on the bond strength developed in pullout tests. The ultimate strengths were measured
and normalized based on the differing concrete strengths used in the specimens.

Lanarch tested the effects of intense vibrations from a concrete vibrator on pull-out
specimens!'”. The specimens were 4 in. (101 mm) by 4 in. (101 mm) by 6 in. (152 mm). A
#4 (#13M) bar was used throughout and embedded for 6 in. (203 mm) in the box (i.e., 12 bar
diameters). The test was performed with the same methods used for ASTM C234. A direct
comparison was made of control versus vibrated specimens.

A research group recently used a modified pullout test to measure the bond strengths between
glass fiber reinforced polymer (GFRP) reinforcing bars and concrete “®. The study
investigated the rib spacing and height of the GFRP bar. The pullout tests all resulted in
pullout failures under a displacement controlled load application. The bar diameters varied
from 0.32 in. (8§ mm) to 0.5 in. (12 mm) and the cubes were 6 in. (152 mm). The embedment
was 4 bar diameters for all specimens. A debonded region was left along the end of the rebar
next to the reaction face of the specimen (i.e., the pulled end of the rebar). The bonding
length was short enough to assume the bond stress was uniform throughout.

The body of research delineated above reveals that concentric bond tests continue to be used
to compare differences in bond strengths. The ASTM C234 method was taken out of print,
however altered versions of this method continue to be used. The RILEM method in
particular has proven to be a valuable guideline as it reduces the effects of confinement
stresses and has a short embedment length. The RILEM method also tends to produce
pullout failures versus the splitting type of failure more commonly observed in specimens
with longer embedment lengths and smaller amounts of clear cover.

CHARACTERISTICS OF DIFFERENTIAL DEFLECTIONS ON BRIDGE DECKS
Some studies have focused on the characteristics of differential deflections on bridge decks.
The typical amplitudes, vibration frequencies, and intervals between deflections are of
interest.

A series of tests were designed by Harsh and Darwin to study the vibration effects caused by
traffic on bridge repairs. An intermittent vibration was applied every 4 minutes at a
frequency of 0.5 Hz and amplitude of 0.5 in. (12.7 mm). A continuous vibration was applied
at a frequency of 4.0 Hz and amplitude of 0.04 in. (1 mm). These corresponded to a peak
particle acceleration of 15.6 in/sec® (39.6 cm/sec?) and a peak particle velocity of 1.44 in/sec
(3.66 cm/sec?). This interval started 10 minutes after floating the concrete and continued for
30 hours. The specimens were not moved until they reached 3 ksi (21 MPa)(zo).

In Texas a sample of overall midspan deflections were measured on 30 bridges. The results
fostered a decision to use maximum deflections of 0.25 in. (6 mm) and 0.15 in. (4 mm)
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within the experimental testing program. An attempt was made to measure differential
deflection in one bridge but it was reported that the entire closure pour moved together(13).

Whiffin and Leonard report that most bridges are stiff and heavy which greatly reduces
vibration problems. Ten bridges were analyzed for peak deflections and frequencies. The
maximum mean deflections ranged from 0.01 in. to 0.10 in. (0.28 mm to 2.6 mm). The
maximum frequencies ranged from 2.3 Hz to 5.6 Hz®.

A study in Georgia focused on identifying the maximum deflections on two continuous steel
rolled shape girder bridges with spans of 70 ft (21.3 m) and 80 ft (24.4 m) respectively. The
maximum deflection for the two bridges was approximately 0.01 in. (0.28 mm). No
additional information was provided on the girder sizes, girder spacing, or dimensions of the
bridge"?.

Studies have been done to identify the typical vibration characteristics that average bridges
experience. Generally, continuous bridges vibrate with a frequency of 2 to 5 Hz (0D A
study in Texas used a 1 Hz vibration to apply a reoccurring load to a beam test. This was
based on a field study"”.

The reoccurring interval to apply traffic would depend on the expected traffic count during
construction. An interval of 5 minutes was used on the Texas research"”. This would
correspond with an Average Daily Traffic (ADT) count of 288 vehicles which generate the
type of deflections which are of interest.
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CHAPTER 3. SPECIMEN DESIGN, FABRICATION, AND MATERIAL
PROPERTIES

INTRODUCTION

A series of bond tests were performed to determine the reduction in bond strength caused by
the deflection of the reinforcing bar embedded in typical bridge deck materials. A concentric
pullout test was chosen as the basic test method to compare bond strengths. The pullout test
was adjusted from standard procedures to create a differential deflection between the
reinforcing bar and the embedment material. Three control and three deflected specimens
were made for each embedment material. Nine different materials that may be used for
bridge deck construction were used as the embedment material. Standard #4 (#13M)
deformed reinforcing bars (rebar) were used throughout the study. During the pullout portion
of the test, a deflection-controlled load was applied to the specimens and the ultimate
capacity was compared among control and vibrated specimens.

SPECIMEN DESIGN

The bond test specimens were based on the layout of the ASTM C234 test. The ASTM C234
test method is a traditional concentric pullout test with a #6 (#19M) deformed reinforcing bar
embedded concentrically in a 6 in. (152 mm) cube specimen. The bar extends out one side of
the cube approximately 2 in. (13 mm), bonds throughout the entire length of the cube (6 in.
(152 mm)), and extends out the opposite side approximately 18 in. (46 cm). The specimens
were made such that the reinforcing bar was perpendicular to the side of the cube it entered

as shown in Figure 3.

The ASTM C234 test specimen design and test setup were initially engaged for the present
study; however, pilot test results led to test procedure alterations being implemented prior to
the completion of the final tests. As explained in the Preliminary Tests section of Chapter 4,
the initial tests failed in a splitting mode of failure. After analyzing the initial results, the
embedment length was reduced to 3 in. (76 mm) or 6 bar diameters and the rebar size was
reduced to a #4 (#13M) bar. A bond breaker was applied between embedment material and
reinforcing bar for the first 3 inches (76 mm) next to the reaction face of the cube (Figure 4).
The material used for the bond breaker was 3/8 in. (10 mm) thick, 1.5 in. (38 mm) outside
diameter foam pipe insulation.
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Figure 4. lllustration. Final pullout specimen'geometry.

SPECIMEN FABRICATION

The specimens were cast and tested over a period of approximately six months in the spring
and summer of 2011. A set of 6 specimens were cast during each material placement. The
specimens were subjected to the differential deflection loading protocol, demolded, and
tested at approximately 24 hours. This procedure was followed to ensure that testing
occurred during the early age of each material. The tests were designed to focus on early age
loss in bond strength.

Steel formwork was made for the six specimens, and illustrations of the formwork are
provided in Figure 5. The forms were connected with bolts in a similar manner as shown in
ASTM C234 and oiled with a form release agent prior to placement of the materials.
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Two groups of three specimens were made when each material was cast. For the first 3
specimens, referred to as the static specimens, a steel support was set approximately 1 ft

(30 cm) from the adjacent face of the steel forms. The reinforcing bars were aligned inside
the steel forms and then firmly attached to the steel support with screws. The reinforcing bar
and embedment material were thus prevented from moving differentially during the
placement and curing processes. This fixturing can be observed in Figure 6.

Figure 6. Photograph. Static specimen form setup.

The reinforcing bars in the second set of three specimens, referred to as the deflected
specimens, were allowed to move differentially with respect to the steel cube formwork. A
similar steel support was placed approximately 1 ft (30 cm) from these steel forms. The only
difference between the supports was that four 4 /g in. (12.4 cm) by % in. (1.9 cm) steel
stiffeners were placed along the vertical member of this support. Figure 7 shows a prototype
of the support prior to welding the four stiffeners perpendicular to the vertical member. This
support was affixed to the platen of a MTS hydraulic testing machine. The steel cube forms
were attached to the head of the hydraulic actuator. The reinforcing bars were fixed to the
steel support and aligned to pass through the two outlets in the steel cube forms. The
formwork was allowed to move with the hydraulic actuator while the reinforcing bars
remained stationary as shown in Figure 7.
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Figure 7. Photograph. Deflected specimen form setup with prototype rebar support.

The steel forms were prepared to remain water tight during the material placement. A layer
of pliable caulking material (commonly called rope caulk) was applied between the
reinforcing bar and the two outlets on the faces of the steel forms. The rope caulk was then
coated in a silicon caulk to ensure no material leaked out of the forms. The steel formwork
was coated with a layer of form oil.

Once the formwork was set up, preparations were made for placement of each field-cast
grout material. The deflection induced by the hydraulic actuator was started prior to the
placement of each material in the form. The actuator was programmed to induce a deflection
based on total amplitude, frequency, and lag time between deflections.

The materials were mixed in the concrete materials laboratory at the Turner-Fairbank
Highway Research Center (TFHRC). Immediately after mixing, the materials were placed
into the forms in two layers. Each layer was rodded 25 times with a 5/8 in. (16 mm)
diameter steel rod and the formwork was tapped with a rubber mallet approximately 5 times.
Care was taken to not disturb the reinforcing bar during placement.

Approximately 30 minutes after placing the respective materials, plastic was placed over the
specimens for the next 24 hours. Wet burlap was placed beneath the plastic when
recommended by the manufacturer of the material. The forms were monitored to ensure
material did not leak out of the forms or around the holes between the reinforcing bars and
steel formwork.
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Samples were taken to measure material properties. Nine specimens were made to measure
compressive strength and three specimens were made for split cylinder strength. For grouts,
2 in. (5 cm) by 2 in. (5 cm) cubes were cast (ASTM C109), and for concretes, 4 in. (10 cm)
by 8 in. (20 cm) cylinders were cast (ASTM C39). Split cylinder strengths were all measured
with 4 in. (10 cm) by 8 in. (20 cm) cylinders (ASTM C496).

The set times were also measured for every material using ASTM C403 Standard Test
Method for Time of Setting of Hydraulic Cement Paste. The initial and final set times were
of interest. The purpose of the differential deflections was to disturb the bond up until the
material reached final set. The set time measurements ensured that the material only
experienced vibrations until final set and that the material was ready for testing by 24 hours.

Other material properties were also recorded for each material. This included temperature of
the grout after mixing, unit weight, and the temperature of the laboratory. The initial
rheology of each material was measured via ASTM C1437 both prior to dropping the table
and then again after dropping the table 25 times.

The movement of the actuator was recorded to ensure that a continuous deflection was
induced until final set of the materials. Both the amplitude and frequency of the deflection
was recorded. In addition, the time between deflections was also recorded.

EMBEDMENT MATERIAL PROPERTIES

Nine different materials were used as embedment for the pullout specimens. This ranged
from prebagged grouts, to UHPC, to typical bridge deck concretes. Each material was cast
and tested independently but under the same basic procedures. The materials are listed in
Table 1.

Table 1. Naming convention for the embedment 